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INTRODUCT 1 ON 

The possible use of supercrit ical  f lu id  extraction (SFE)  of coal t o  produce l i -  
quids has been a t t r ac t ing  significant in te res t  recently. The temperatures a t  w h i c h  
SFE i s  generally carried o u t ,  about 400°C and above, will cause bond ruptures to oc- 
cur in the coal structure.  Thus, the extracting capabili ty of the fluid i s  important 
in terms of both the intermediate products, usually involati le a t  these temperatures, 
as  well a s  the original coal components. I n  addition, the f lu id  has the opportunity 
t o  participate as  a reactant a t  process conditions, which may yield extracts of dif-  
ferent compositions tha t  will be dependent on the f lu id  used. 

so lubi l i ty  ( v o l a t i l i t y )  of the solute has a very strong dependence on pressure (1).  
The enhancement may be as large as  a factor of 104 under very favorable conditions 
( 2 ) .  T h u s ,  t h i s  method combines many of the advantages of d i s t i l l a t i on  with those 
of extraction. The general advantages of SFE as  applied to  coal processing have been 
previously enumerated (1) .  Many of the reported studies in th i s  a rea ,  using toluene 
a s  the f lu id ,  have originated in Great Britain.  The influence of residence time, 
temperature, and  pressure on yield from the SFE of coal,  using bench-scale and small 
p i lo t  plant units has been reported ( 3 ) .  
evaluations have  indicated tha t  SFE i s  competitive with most other coal conversion 
processes. However, despite the strong in te res t  in SFE there has been very l i t t l e  
reported on the basic chemistry that takes place during coal extraction by th i s  tech- 
nique. 

One important function which coal processing can perform i s  the removal of het- 
eroatoms t o  yield a cleaner product. 
with nitrogen removal from model compounds thought t o  be representative structures 
found in coal. Studies have shown that quinoline type structures i n  coal liquefac- 
t i o n  are among the most d i f f i c u l t  t o  remove ( 6 ) ;  more recent studies on ca ta ly t ic  
hydrodenitrogenation of quinoline (7-9) have supported th i s  assessment. Thus, exper- 
iments have concentrated on examining the r eac t iv i t i e s  of quinoline and isoquinoline; 
the reac t iv i t ies  of other compounds were studied br ie f ly  also.  
water as the f lu id  was based on several properties,  in addition t o  solvent expense, 
which makes i t  su i tab le  for  the application of in te res t .  Briefly, these properties 
are:  ( a )  Crit ical  temperature, 374.2OC. Theoretical considerations have shown t h a t  
extract  vo la t i l i t y  enhancement i s  greatest  when extraction i s  carried o u t  near the 
f lu id  c r i t i ca l  temperature (10).  ( b )  Temperature and  pressure dependence of the di- 
e lec t r ic  constant which will allow control of solvent properties (11). ( c )  High 
reactivity with cyanide wastes to  form ammonia (12).  
polar solvents exert  a stronger depolymerizing action on coal t h a n  nonpolar ones and 
a l so  increase extraction r a t e  (1). Experimental verification o f  the effectiveness of 
water as an extracting f lu id  was indicated by the resu l t s  reported in a study of sol- 
vent e f f ec t s  in supercrit ical  extraction of coal ( 1 3 ) ;  water was more effective than 
predicted from the theoretical  calculations. The present paper discusses the results 
obtained to  date of the treatment of several nitrogen-containing compounds and alkyl- 
benzenes with supercrit ical  water, including some treatments using acid ca ta lys t s  t o  
enhance reac t iv i ty .  
which nitrogen can be removed from several types of molecular structures.  

Thermodynamic consideration of SFE leads to  the prediction tha t  the enhanced 

Economic ( 4 )  and energy efficiency ( 5 )  

I n  par t icu lar ,  the current program i s  concerned 

The selection of 

( d )  Molecular polarity since 

The expectation i s  t o  determine the leas t  severe conditions a t  
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EXPERIMENTAL 

The experiments were carried o u t  in a small (47 cc) s ta in less  s t ee l ,  batch reac- 
to r  which i s  n o t  equipped w i t h  a pressure gauge or gas vent. 
t i a l l y  the same fo r  a l l  experiments. The reactor was loaded with organic compounds 
(usually 2.00 mL for  l iquids,  or 2.00 grams for  solids,  although a few quinoline ex- 
periments had different amounts), suf f ic ien t  water was added t o  produce the desired 
pressure a t  reaction temperature as calculated from PVT d a t a  (14),  catalyst  was added 
as needed, the reactor purged with argon and bolted closed. The reactor was placed 
in the preheated furnace for  the required reaction time. In i t ia l  experiments used an 
e l ec t r i c  furnace b u t  times to  reach reaction temperature were found to be too long, 
which prompted a switch to  a fluidized sand b a t h  furnace, thus reducing heating times 
to  reach c r i t i ca l  temperature t o  about 15 minutes. Following reaction, the vessel was 
a i r  cooled, opened, the reaction mixture removed and the water and organic layers 
f i l t e r ed  and separated. The reactor was washed with a portion of methylene chloride 
solvent and a second portion of solvent was used t o  extract  the water layer. 
ganic layer was combined with the solvent portions and diluted t o  a standard volume 
of 25 mL with additional solvent. 

The procedure was essen- 

The or -  

/ 
The various phases were then measured quantitatively.  The remaining volume of 

water and the mass of the char (defined as  f i l t e r ab le  so l ids )  were determined. 
elemental analyses of the char were obtained. The ammonia produced and  dissolved in 

trode. The methylene chloride solution was examined gas chromatographically fo r  pro- 
ducts and extents of reaction. 
were prepared for quantitative determinations. Some components were confirmed using 
GC/MS analyses. There s t i l l  was a significant fraction o f  product t h a t  remained dis- 
solved and/or suspended in the solvent tha t  did not show up  on the chromatograms. 
This was termed the t a r  portion. Currently, t h i s  t a r  i s  being examined more closely.  

A few 

\ the water layer was determined fo r  some of the experiments with an i o n  specific elec- 

When a component was identified,  standard solutions 

RESULTS AND DISCUSSION 
Isoquinol ine 

The results of the reaction of isoquinoline a t  supercritical water conditions 
and with water a t  these conditions are sumarized in Table 1. The extents of reaction 

The extents appear t o  level off a t  longer times and  two increases in water pressure 
increased reaction extents while a third gave a small decrease. 
quinoline, the extents of reaction and the products found are different t h a n  those 
from the iner t  pyrolysis (15).  
extents somewhat, as does the addition of t e t r a l in  or dihydroanthracene. The hydrogen 
transfer agents were consumed t o  a large extent a l so ,  b u t  DA did not yield products 
t h a t  interfered with the reactant product chromatogram and estimates from a t e t r a l in  
experiment run l a t e r  allowed adjustments in the p r o d u c t  peaks to produce the yields 
reported. 

t o  55 molar % of the converted reactant i s  in the form of desirable aromatics, ben- 
zene and alkyl benzenes, ( b )  most of the converted nitrogen appears as ammonia in the 
water phase and ( c )  the char i s  significantly reduced in nitrogen content a s  compared 
to  the reactant. Other resu l t s  t o  note are: 
produce a relative increase in l igh ter  molecular weight products as well as increasing 
extents of reaction, ( b )  the ident i f iab le  products are formed from heterocyclic ring 
rupture exclusively, thus leaving the homocyclic ring primarily in t ac t ,  ( t h i s  may not 
be true for  t h e  reactions leading t o  the tar/char formation) and ( c )  the e f fec t  of the 
hydrogen transfer agents indicate t h a t  prereduction, followed by water treatment may 
improve conversions. 

I t  should also be noted t h a t  one experiment run  a t  450°C and for  48 hrs. without 
water showed less  t h a n  10% reaction (as compared t o  about 50% with water) and no mea- 

\ are significant b u t  t he i r  dependence on time and  pressure are not en t i re ly  unequivocal. 

However, a s  with 

The addition of zinc chloride appears t o  increase 

The results which a re  encouraging in terms of nitrogen removal are: ( a )  about 35 

( a )  a r i s e  in temperature appears t o  
I 
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surable product o r  char  was found. 

Qu ino l i ne  

The r e s u l t s  o f  t h e  r e a c t i o n  o f  qu ino l i ne  a t  s u p e r c r i t i c a l  water cond i t i ons  are 
The f o l l o w i n g  observat ions can be made when comparing these 

qu ino l i ne  i s  s i g n i f i c a n t l y  l ess  r e a c t i v e ,  thus would 
summarized i n  Table 2. 
w i t h  those from i s o q u i n o l i n e :  
requ i re  a c a t a l y t i c  agent, except a t  500"C., and the product d i s t r i b u t i o n  i s  ve ry  
d i f f e r e n t  y i e l d i n g  a smal ler  f r a c t i o n  o f  i d e n t i f i a b l e  products which a l s o  are p r i m a r i l y  
aromatic amines, a n i l i n e ,  t o l u i d i n e  and a small amount o f  qu ina ld ine.  The elemental 
analys is  o f  one char  sample d i d  show a reduc t i on  i n  n i t rogen  content ,  b u t  i t  was no t  
as  large as  t h a t  found f o r  t he  i soqu ino l i ne  sample. 
t h a t  two c a t a l y t i c  experiments a t  400°C. gave e s s e n t i a l l y  q u a n t i t a t i v e  y i e l d s  o f  am- 
monia. Th is  w i l l  be i nves t i ga ted  f u r t h e r  i n c l u d i n g  elemental analyses o f  t a r  and 
char .  
u n i d e n t i f i e d  t a r .  

One i n t e r e s t i n g  observat ion i s  

It i s  ev ident  t h a t  there i s  a ve ry  l a r g e  f r a c t i o n  o f  product i n  the  form o f  

Miscel laneous Compounds 

The r e a c t i v i t i e s  o f  several o ther  compounds w i t h  s u p e r c r i t i c a l  water were examined 
and the r e s u l t s  are summarized i n  Table 3. B e n z o n i t r i l e  and carbazole represent  n i t r o -  
gen-containing compounds w i t h  d i f f e r e n t  f u n c t i o n a l i t i e s  than the qu ino l i nes  and these 
exh ib i t ed  the extremes i n  r e a c t i v i t y .  Carbazole appears e s s e n t i a l l y  unreacted a t  our 
cond i t i ons .  B e n z o n i t r i l e  e v i d e n t l y  hydrolyzed, fo l lowed by decarboxy lat ion,  ve ry  
q u i c k l y  and c leanly ,  no d i s c o l o r a t i o n  o f  the reac t i on  m ix tu re  was observed. 

which m a y  have f u r t h e r  degradation. 
ve ry  c l e a n l y  t o  p r e d i c t a b l e  products, benzene and to luene.  
ex ten t  y i e l d i n g  o n l y  two organic  products i n  the chromatograms. 
can be considered o n l y  q u a l i t a t i v e  a t  t h i s  p o i n t .  

Ethylbenzene and a n i l i n e  were inc luded because they were observed a s  products  
Ethylbenzene d i d  r e a c t  t o  a small ex ten t ,  again 

The a n i l i n e  r e s u l t s  
A n i l i n e  reac ts  t o  a l a r g e r  

Because t e t r a l i n  and dihydroanthracene were consumed i n  the r e a c t i o n  w i t h  isoquin-  
o l i n e ,  they were a l s o  examined. The t e t r a l i n  was completely consumed, about h a l f  o f  
which formed naphthalene; the o t h e r  h a l f  undergoes r i n g  rupture t o  produce benzene and 
a t  l eas t  f o u r  alkylbenzenes. C a l i b r a t i o n s  have n o t  been determined as y e t  f o r  the two 
products w i t h  the l onger  r e t e n t i o n  t imes than o-xylene, bu t  mass spect ra o f  these are 
consis tent  w i t h  a Cg-benzene and a Cq-benzene. A t e t r a l i n  experiment r u n  f o r  48 hours 
a t  450°C. w i thou t  water gave o n l y  26% reac t i on ,  58% o f  which formed naphthalene. The 
nex t  l a r g e r  product peak had a r e t e n t i o n  t ime cons is ten t  w i t h  those o f  n -bu ty l -  o r  
o-diethylbenzenes (which were n o t  present i n  the water reac t i on  p roduc t ) .  
droanthracene r e s u l t s  are o n l y  q u a l i t a t i v e  b u t  i t  appears t h a t  about h a l f  i s  converted 
t o  anthracene. I n  a d d i t i o n ,  a t  l e a s t  f i v e  o t h e r  products a re  formed i n  small amounts 
and these have r e t e n t i o n  t imes between those o f  naphthalene and anthracene. 

The d ihy-  

CONCLUSIONS 

I t  i s  ev iden t  f rom the r e s u l t s  t h a t  s u p e r c r i t i c a l  water can be e f f e c t i v e  a s  an 
a c t i v e  reac tan t  i n  t h e  removal o f  n i t rogen  from several organic compounds a s  we l l  as 
i n f l u e n c i n g  the mechanism o f  hydrocarbon degradation. The e f fec t i veness  va r ies  w i t h  
molecular s t r u c t u r e  and the re  are i n d i c a t i o n s  t h a t  a c i d i c  ca ta l ys ts ,  e.g., z inc  
ch lo r i de ,  can improxve t h i s  e f fect iveness.  Considerat ion o f  the extents  o f  r e a c t i o n  
shows tha t  i s o q u i n o l i n e  i s  much more suscept ib le  t o  bond rup tu re  than i s  qu ino l i ne .  
Fo r  i soqu ino l i ne ,  t he  product  d i s t r i b u t i o n  shows a d i s t i n c t  preference t o  rup tu re  the 
he te rocyc l i c  r i n g ,  b u t  t h a t  r u p t u r e  may occur w i t h  about equal p r o b a b i l i t y  between 
t h e  1-2 o r  2-3 p o s i t i o n s ,  f o l l owed  by hyd ro l ys i s  aad decarboxy lat ion.  
would lead t o  o-xylene, the 2-3 t o  ethylbenzene, which are formed i n  about equal 
amounts. 

1 

The 1-2 break 

These products  can then undergo f u r t h e r  s idechain shor ten ing o r  e l im ina t i on .  
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Quino l i ne ,  on the o t h e r  hand, does n o t  r e a c t  as r e a d i l y  and a l though the  h e t e r o c y c l i c  
r i n g  appears t o  be the p r e f e r e n t i a l  p o i n t  o f  a t tack ,  the rup tu re  i s  more probably  be- 
tween the 1 -2  p o s i t i o n  than the 1-9 p o s i t i o n .  This  fragment would n o t  hydro lyze,  b u t  
would produce a l k y l  a n i l i n e s  which could then f u r t h e r  r e a c t .  
format ion i s  f a r  more probable w i t h  t h i s  reactant .  
s u p e r c r i t i c a l  water has a profound e f f e c t  on both the  ex ten t  o f  r e a c t i o n  (100 vs. 26%) 
and r e a c t i o n  mechani sm o f  even the hydrocarbon, t e t r a 1  i n .  Fu r the r  mechanis t ic  specula- 
t i o n  w i l l  be deferred u n t i l  a d d i t i o n a l  data i s  obtained. 

It was found t h a t  t a r  
I t  i s  i n t e r e s t i n g  t o  note t h a t  
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NOVEL LIQUEFACTION SOLVENT: H20-H2S 

V i r g i l  I .  Stenberg, Robert  D. Hei ,  P h i l i p  G. Sweeny, Jan Nowok 

Department o f  Chemistry, U n i v e r s i t y  o f  Nor th  Dakota 
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INTRODUCTION 
(1) a s l u r r y i n g  l i q u i d  

f o r  t h e  coal  which enables s l u r r y  compression i n t o  a cont inuous f l o w  reac tor ,  
and (2 )  a hydrogen s h u t t l e r  which enables t h e  t r a n s f e r  o f  hydrogen atoms from 
ti2 o r  syn thes is  gas t o  t h e  coa l  molecules. A d d i t i o n a l l y ,  t h e  so l ven t  serves as 
a medium f o r  reducing gas and coa l  p roduc t  d i s s o l u t i o n .  

We now wish  t o  descr ibe  t h e  use o f  H 0-H S as a s u b s t i t u t e  f o r  organic 
s l u r r y i n g  so lvents .  The phi losophy f o r  doidg s 8  i s  t h a t  t he  water  f u l f i l l s  the  
r o l e  of t he  s l u r r y i n g  l i q u i d  and H S i s  t he  hydrogen atom donor. Since the  
f i r s t  bond d i s s o c i a t i o n  energy of & t e r  i s  118 kcal /mole,  r a r e l y ,  i f  a t  a l l ,  

t h e  f i r s t  bond d i s s o c i a t i o n  energy o f  93 kcal /mole and t h e  second b f  83 
kcal /mole making i t  a good b u t  n o t  e x c e l l e n t  hydrogen atom donor t o  carbon 
r a d i c a l s  ( r e a c t i o n  1). A t  t h e  h ighe r  temperatures o f  convent ional  coal  
1 i q u e f a c t i o n  reac to rs  t h e  thermodynamics would p robab ly  be more favorab le .  
React ion 7 has proven t o  be r a p i d  a t  coa l  l i q u e f a c t i o n  temperatures and i s  

The l i q u e f a c t i o n  so l ven t  has two r o l e s  t o  f u l f i l l :  

1 

\ would i t  be expected t o  r e a c t  w i t h  carbon rad i ca l s .  On t h e  o t h e r  hand, HpS has 

2R' + H2S + 2RH + S (1) 

S + H2 + t!2S 

perhaps t h e  p r i n c i p a l  advantage of H S ove r  an organ ic  solvent.  The 
corresponding r e a c t i o n  f o r  t h e  organ ic  i b l v e n t  i s  u s u a l l y  slow. I n  o rgan ic  
l i q u e f a c t i o n  so lvents ,  tl S i s  known t o  enhance l i q u e f a c t i o n  y i e l d s ,  and i t  has 
been used f o r  bo th  coa l  i n d  organ ic  model compound reac t ions .  

IJater becomes s u p e r c r i t i c a l  a t  374°C and i t s  s u p e r c r i t i c a l  s t a t e  has the  
p o t e n t i a l  o f  i n f l u e n c i n g  the  l i q u e f a c t i o ?  processes i n  several  ways: i t  (1) 
becomes a f i n e  so l ven t  f o r  hydrocarbons (F ig .31 ) ,  ( 7 )  l oses  much o f  i t s  
a b i l i t y  t o  d i sso l ve  i no rgan ic  ma te r ia l  (F ig .  2) , (3) adds t o  t h e  r e a c t i o n  
pressure, and (4 )  becomes more i o n i c  ( a c i d i c  and bas i c4  s ince  t h e  i o n i z a t i o n  
constant increases by ca. 3 powers of t e n  (Fig.  3 ) .  I f  water  i s  t o  be 
s u b s t i t u t e d  f o r  an organ ic  s l u r r y i n g  l i q u i d ,  t h e  inc rease i n  r e a c t i o n  pressure 

300 400 

T, "C 

(wt  %)  i n  water 
F ig .  1 .  Hydrocarbon s o l u b i l i t y  

300 400 

T, " C  

F ig .  2. Inorgan ic  s o l u b i l i t y  
(w t  X )  i n  water 
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( t n  ca. 5,000 p s i )  must be to le ra ted .  Therefore, one must i n s i s t  t he re  be 
compensating f a c t o r s  f o r  t h i s  pressure inc rease which more than make up f o r  the 
cos t  o f  increased opera t i ng  pressures. Ratch au toc lave  data now i n d i c a t e  t h i s  
i s  so. Indeed, water appears t o  have a p o s i t i v e  e f f e c t  on l i q u e f a c t i o n  y i e l d s  
i n  a d d i t i o n  t o  i t s  r o l e  as a s l u r r y i n g  l i q u i d .  

-8 t 
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c, 
v) 
K 
0 
V 

m 
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-1 0 

-1 1 

-1 2 

-1 3 

-14 

1 l p o i n t  I I 
0 200 400 600 

Temperature, "C 

F ig .  3. I o n i z a t i o n  cons tan t  o f  water  i n  high-temperature f l u i d s  
o f  var ious  d e n s i t i e s .  
determined curve f o r  l i q u i d  water under i t s  own vapor pressure.  
The es t imated e x t r a p o l a t i o n  o f  t h e  curve t o  the  c r i t i c a l  p o i n t  
i s  shown as a dashed l i n e .  The o the r  dashed l i n e s  shown 
ca lcu la ted  values o f  t he  cons tan t  f o r  s ingle-phase f l u i d  water 
under s u f f i c i e n t  pressure t o  ma in ta in  the  i nd i ca ted  d e n s i t i e s .  

The s o l i d  Tine i s  t he  exper imenta l l y  

RESULTS AMD DISCUSSION 
The data o f  Table 1 comare  t h e  H,O-H,S r e s u l t s  alona w i t h  those usina (11 \ 

2 . .  

a petroleum-coal based orqan ic  so lvent ,  ahthracene o i l  IA04) toge the r  w i t h  a 
so lvent  re f i ned  coal  midd le  d i s t i l l a t e  from t h e  demonstrat ion p l a n t  a t  Tacoma, 
Washington (SRCMD) and (2) dihydropyrene (DHP), a repu ted ly  e x c e l l e n t  hydrogen 

Water w i t h  syn thes is  qas outperform A04-SRCMD w i t h  syp thes is  gas f o r  the 
conversion of two coa l  samples i n t o  v o l a t i l e  m a t e r i a l s  a t  t he  cond i t i ons  used, 
cf .  runs 5 vs. 7 and 14 vs. 16. The presence o f  a smal l  amount o f  H2S enhances 
t h e  as-defined y i e l d s  whether i n  water ,  c f .  runs 1 vs. 2, 7 vs. 8, 16 vs. 17, 
21 VS. 22, 26 vs. 77 and 3 1  vs. 32 o r  i n  an organ ic  so lvent ,  c f .  5 vs. 6, 12 

donor solvent.  Three ranks o f  coa ls  a re  represented  i n  the  data. k 
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I 
vs. 13, 14 vs. 15, 19 vs. 20, 24 vs. 25 and 34 vs. 35. The r e a c t i o n s  which had 
the  temperature programmed f rom 300°C t o  500°C us ing  H 0-M S and syn thes i s  gas 
gave t h e  bes t  o f  t he  aqueous-H S conversion y i e l d s ,  c?. r j tns 8 vs. 9, 17 vs. 
18, 22 vs. 23, 27 vs. 28 and 3 3  vs. 33. Synthes is  gas i s  super io r  t o  pure  H2 
(980 ps ig ) ,  c f .  runs 3 vs. 5 and 12 vs. 14. 

The phi losophy behind t h e  temperature programmed reac t i ons  was the  b e l i e f  
t h a t  t h e  the rma l l y  produced, coa l -der ived  r a d i c a l s  would be formed i n  a more 
c o n t r o l l a b l e  fashion, i.e., i n  a more steady, s lower ra te ,  w i t h i n  t h e  
coa l -water  s l u r r y  than w i t h  a sudden thermal jump t o  a p rese lec ted  r e a c t i o n  
temperature. The l a t t e r  i s  assumed t o  momentar i ly  dep le te  t h e  hydrogen donor 
capac i ty  of t h e  so l ven t  system a t  l e a s t  i n  the  v a c i n i t y  o f  t h e  thermal r e a c t i o n  
events. I n  the  case where water  i s  t h e  p r i n c i p a l  so lvent ,  t he  hydrogen donor 
capac i ty  i s  t he  H S concent ra t ion .  The consequence o f  t h i s  d e p l e t i o n  i s  t he  
occurrence o f  re t rggrade reac t i ons  which r e s u l t  i n  lower  conversions. 

The dihydrophenanthrene (DHP) runs gave b e t t e r  conversions than e i t h e r  
water o r  A04-SRCMD g iven otherwise the  same exper imental  cond i t i ons .  However, 
DHP decomposes t o  the  ex ten t  o f  11% at. 420°C a t  30 minutes, and the  non gaseous 
products are s o l i d s  r a t h e r  than l i q u i d s  as they  a re  w i t h  t h e  water  runs. The 
water runs were the  e a s i e s t  t o  separate f rom t h e  produc t  s l u r r y .  The 
d i s t i l l a t i o n  was complete i n  ca. 3 hours with t h e  water  runs  whereas it took 
f rom 5-7 hours t o  ge t  t o  ccns tan t  we igh t  with t h e  organ ic  solvent-based runs. 
The o i l  separated by g r a v i t y  f rom t h e  water  i n  the  water based run  d i s t i l l a t e s .  

I n  summary, t he  H 0-H S so l ven t  runs  w i t h  var ious  ranks , o f  coa ls  g i ve  
respec tab le  y i e l d s  o f  & ta?  v o l a t i l e  m a t e r i a l s  a t  420°C and w i th  temperature 
programming the  reac to r  f rom 300" t o  500"C, the  y i e l d s  were as good if not  
b e t t e r  than us ing  one o f  t h e  bes t  o f  hydrogen donor model compound so lvents .  
The H2.S concent ra t ion  t h e  programing r a t e s  o r  ranges have n o t  been opt imized. 

', 
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Table 1. The Conversion of Coals i n  H 0-H S and A04-SRCMD 
Reducin gases2 Te ipera ture ,  " C  Sovent Conversion, % 

HO 
H;O 

1 w a d  (Zap I) * 
2 Indianhead H~S-CO-H; 

3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
1 4  

16 
17  
18 
19 
20 

21 
22 
23 
24 
25 
26 
27 
28 
29 
3@ 

31 
32 
33 
34 
35 

* r  
13 

Big  Brown (BB1) 
B ig  Brown 
Rig Brawn 
Rig Brown 
B i g  Brown 
B i g  Brown 
B i g  Brown 
B i g  Erown 
B i g  Brown 

Reulah (83) 
Beulah 
Beulah 
Beiiiah 
Beulah 
Beulah 
Reulah 
Beulah 
Beulah 
Suhbi tuminous c o a l s  
Decker (DEC 1) 
Decker 
Decker 
Decker 
Decker 
Absaloka (ABS 1) 
Absaloka 
Absaloka 
Absaloka 
P.bsal oka 
Bituminous coa ls  
Powhattan (POW 1 1 
Powhattan 
Powhat t a n  
Powhattan 
Powhattan 

H 
H S-H2 

80-H: 
H2S-CO-H2 

CO-H 

H2S-CO-H 

H2S-CO-H2 

H~S-CO-H: 

CO-Hi 

H 
H S-H: 

80-H 
; S-&$ 

C@-H2 2 

H2S-CO-H2 
H2S-CO-H2 

C0-H2 
H2S-CO-H2 

C0-F2 

H~S-CO-H; 
H S-CO-H 

CO-H2 
H2S-CO-H2 

CO-H2 
H2S-CO-H2 
H2S-CO-H2 

CO-H 
H2S-CO-H; 

CO-H2 
H2S-CO-H2 
H2S-CO-H2 

CO-H2 
H2S-CO-H2 

420 
420 
420 
420 
420 
420 
420 

420 
420 
420 
420 
420 
420 
420 
420 

420 
420 

420 
420 

420 
4 20 
420 
420 

420 
420 

420 
420 

420 
420 

300-500 

300-500 

300-500 

300-500 

300-500 

A04-SRCND 
P.04 - SRCMD 
A04 - S RCMD 
A04-SRCMD 

H O  
H;O 

DHP 
k! 

A04-SRCMD 
A04 - SRCMD 
A04-SRCM@ 
804- jRCNiJ 

H20 

fl6 P 
K 
DHP 

35.2 
35.3 
42.5 
48.1 
43.7 f 2.0 
48.9 f 1.2 
71.0 
50.7 c 4.4 
65.3 f 3.5 
22.2 
29.3 
30.1 
40.5 
33.8 f l..O 
36.8 f 0.3 
51.6 f 1.1 
46.6 
53.3 f 3.0 / t  

38.6 f 0.4 
40.6 f 1.5 

:2: 52.3 f 0.7 
D6P 48.4 
DHP 60.2 f 8.0 

29.6 f 0.3 
H20 34.1 * 1.1. 

51.0 f 0.7 

DH P 49.6 +- 3.5 

H2O 

N.A. 
E 
D6P 

24.7 c 0.4 
30.5 f 0.8 

;2: 41.9 f 0.7 

DHP 51.6 f 3.5 

H20 

08P 43.5 

\ The experimental c o n d i t i o n s  are: r e a c t i o n  t ime, 1 hour; H2S, 250 psig;  CO, 490 
psig;  H , 490 psig;  c o a l ,  1 gram; and water,  1 gram. When H alone was used, 
i t s  pregsure was 980 ps ig .  The conversion y i e l d s  were d e t e r h n e d  by d i s t i l l i n g  
the  v o l a t i l e  ma te r ia l  ( ases and l i q u i d s )  f rom t h e  r e a c t o r  conten ts  a t  250°C a t  
1 T o r r  f o r  5 hours (H 07 and 7 hours (A04-SRCMD). The coa l  samples a r e  c i t e d  
from the  mine s i t e :  Izdianhead f rom t h e  Indianhead Mine a t  Zap, Nor th  Dakota; 
B i q  Rrnwn f r o m  t h e  Rig Brc:qn M;ne a t  F a i r f i e l d ,  Texas; Beu!ah f r o m  t h e  South 
Beulah Mine, Reulah, N o r t h  Dakota; Decker f rom t h e  Decker Vine a t  B i g  Horn, 
Montana; Absaloka from the  Absaloka Mine a t  Sarpy Creek, Montana; and Powhattan 
from t h e  Powhattan Mine a t  Belmont, Ohio. 

1 

1 
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I n t r o d i i c t i o n  

N i c t o r i c a l l y ,  models of c o a l  s t r u c t u r e  have been developed  on t h e  p remise  t h a t  
i t s  p r i n c i p a l  c h a r a c t e r i s t i c s  can be a t t r i b u t e d  t o  t h o s e  of a complex s o l i d  phase. 
Atti?mpts t o  d e s c r i h e  and p o r t r a y  t h i s  phase have focused on embodying measured 
coinijrisitional pa rame te r s  i n t o  a n  ' a v e r a g e '  molecule  which p r e s e n t s  a s t a t i s t i c a l  
r ep res i ? - i t a t ion  of t h e  whole molecu la r  assemhly.  The va lue  of such  an approach  is 
very l i , n i t e d  p a r t i c u l a r l y  i n  i t s  a b i l i t y  t o  d e s c r i b e  b e h a v i o r a l  c h a r a c t e r i s t i c s .  
Furt .herlnore,  i t  does  no1 t a k e  accoun t  of t h e  e x i s t e n c e  of compara t ive ly  low 
m n l e c u l s r  weight e x t r a c t a b l e  l i q u i d s  which a r e  p r e s e n t  i n  a l l  excep t  a n t h r a c i t i c  
C.0.71S ( I  ). 

I n  b i tuminous  c o a l s ,  t h e  ch lo ro fo rm s o l u b l e  m a t e r i a l s  have been shown t o  
d i r e c t l y  i n f l o r n c e  coal f l u i d  p r o p e r t i e s  ( 2 4 ) .  The r o l e  o f  t h e  ' b i tumens '  h a s  been 
s u e z e s t r d  t o  be t h a t  o f  s o l v a t i n g  and  hydrogen-donat ing  a g e n t s  f o r  t h e  remainder  of 
t h e  ~ 0 . 9 1  s u b s t a n c e  ( 2 ) .  By a n a l o g y ,  i t  h a s  been proposed t h a t  e x t r a c t a b l e  c o a l  
1 i q u i d s  can p rov ide  a s i m i l a r  f u n c t i o n  d u r i n s  coa l  l i q u e f a c t i o n  (5) .  Exper iments  
have shown t h a t  t h e  e x t r a c t i o n  of b i tuminous  and subbi tuminous  c o a l s  i n  ch lo ro fo rm 
p r i o r  t o  l i q u e f a c t i o n  a d v e r s e l y  i n f l u e n c e s  t h e  n e t  l i q u e f a c t i o n  y i e l d  (6).  

A t  moderate t e m p e r a t u r e s  on ly  a small p r o p o r t i o n  of c o a l  may be e x t r a c t a b l e  in 
s o l v e t i t s  such a s  ch lo ro fo rm.  llowever, i t  h a s  long  been recognized  t h a t  by 
p r e h e a t i n g  the  c o a l  up t o  t e m p e r a t u r e s  of 400'C a n d  above,  t h e  y i e l d  can be  
i n c r e a s e d  s e v e r a l  f o l d  ( 2 . 7 - 8 ) .  Brown and Waters  ( 2 )  concluded  t h a t  t h e  normal 
y i e l d  rif e x t r a c t  i s  r e l a t e d  t o  t h e  a c c e s s i b i l i t y  of t h e  po res  t o  s o l v e n t ,  which is 
enhanced by p r e h e a t i n g  ( s w e l l i n g ) .  S i m i l a r l y ,  i t  h a s  been found t h a t  t h e  y i e l d s  of  
a l k a n e s  p r e s e n t  i n  benzene /e thano l  s o l v e n t  e x t r a c t s  was h i g h e r  by 8-10 t imes  i n  t h e  
l i q i i e f a c t i o n  p r o d u c t s  of  t h e  same c o a l s ,  a l t h o u g h  t h e  d i s t r i b u t i o n  of t h e  v a r i o u s  
s p e c i e s  was very s i m l l a r  i n  bo th  c a s e s .  I t  was concluded  t h a t  t h e  i n c r e a s e d  y i e l d  
of a l k a n e s  on l i q u e f a c t i o n  was due t o  t h e i r  l i b e r a t i o n  from r e g i o n s  of  t h e  s t r u c t u r e  
h i t h e r t o  i n a c c e s s i b l e  t o  s o l v e n t  ( 9 ) .  

The work of Vahrman ( 1 0 )  has  shown t h a t  i n  t h e  Soxh le t  e x t r a c t l o n  of c o a l s  
ex tended  f o r  s e v e r a l  hundred h o u r s ,  t h e  q u a n t i t y  of e x t r a c t  p r o g r e s s i v e l y  i n c r e a s e s ,  
a l b e i t  a t  very low r a t e s ,  and u l t i m a t e l y  approaches  t h a t  of  t h e  t a r  produced i n  low 
t e m p e r a t u r e  (450° )  p y r o l y s i s .  
s u g g e s t i o n s  t o  t h e  e f f e c t  t h a t  p r o p o r t i o n  of c o a l  which is p o t e n t i a l l y  e x t r a c t a b l e  
i s  much l a r g e r  t han  i s  g e n e r a l l y  assumed bu t  t h a t  i t  i s  n o t  r e a d i l y  a v a i l a b l e  due 
L t s  b e i n g  con ta ined  i n  c l o s e d  o r  r e s t r i c t e d  p o r o s i t y  ( 1 1 ) .  

These f i n d i n g s  a r e  c o n s i s t e n t  with more r e c e n t  

T!iere a r e  a t  l e a s t  two p o s s i b l e  s o u r c e s  o f  e x t r a c t a b l e  o r  t r apped  l i q u i d s ;  by 
r e a c t i o ~ l s  d u r i n g  c o a l i f i c a t i o n  l e a d i n g  t o  t h e  fo rma t ion  and accumula t ion  of  lower 
molecu l s r  weight m a t e r i a l  ( 2 ) ;  by p h y s i c a l  en t r apmen t  o f  r e l a t i v e l y  unmodif ied  
comporietits o f  p l a n t  o r i g i n  ( 9 , 1 2 - 1 4 ) .  The preaerice of t h e s e  m a t e r i a l s  i n  t h e  
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c o a l  masq and t h e i r  i n f l u e n c e  on  i t s  p r o p e r t i e s  have  promoted a number of 
sugp,est ions c o n c e r n i n g  c o a l  s t r u c t u r e  ( 1 , 2 )  which have  been r e v i t a l i z e d  Jn r ecen t  
y e a r s  ( 1 5 - 1 7 ) .  E s s e n t i a l l y  c o a l  i s  c o n s i d e r e d  t o  compr ise  a r e l a t i v e l y  r i g i d l y  
honded t h r e e  d imens iona l  ne twork  which a c t s  a s  a h o s t  f o r  l ower  molecu la r  welgli t  
s p e c i e s  c o n t a i n e d  i n  both open  and c l o s e d  o r  p a r t i a l l y  c l o s e d  pores .  I n  e f f e c t ,  t h e  
s t r i i c t u r a l  model i s  t h a t  of a multicomponent sys tem which, i n  t h e  l i g h t  of p r e s e n t  
knowledge. a p p e a r s  t o  be a more c o n s i s t e n t  and r e a l i s t i c  bas i s  f o r  c o a l  r e s e a r c h  
than  t he  e a r l i e r  s i n g l e  phase  concep t s .  

Wi t l i  t h i s  background,  r e s e a r c h  i n v e s t l g a t i o n s  have been i n i t i a t e d  t o  examine 
t h e  l o x  t e m p e r a t u r e  (;4OO0C) c a t a l y t i c  hydrogenat  i o n  of c o a l s .  
o b j e c t i v e s  a r e  t o  d e t e r m i n e  I f  i t  is  p o s s i b i e  t o  t n c r e a s e  t h e  y i e l d  of e x t r a c t a b l e  
l i q u i d s  th rough  t h e  breakdown or  m o d i f i c a t i o n  of t h e  network under  mild 
hydroR:an:itive c o n d i t i o n s .  Through, so d o i n g ,  i t  i s  hoped i )  t o  d e r i v e  i n f o r m a t i o n  
a b o ~ l t  <le s t r u c t u r e s  a n d  i n t e r a c t i o n s  of t h e  ' ne twork '  and 'mobile '  phases  and i t )  I 

t o  ; ? sc< . r t a in  t h e  i n f l u e n c e  o f  such a p r e t r e a t m e n t  upon t h e  behav io r  of c o a l  i n  I 
subsequen t  r e a c t i o n s .  E a r l i e r  r e s e a r c h  h a s  shown t h a t  low t e m p e r a t u r e  chemica l  
r e d u c t i o n  o f  c o a l s  ( t r e a t m e n t  w i t h  a s o l u t i o n  of  l i t h i u m  i n  e t h y l a m i n e )  can  i n c r e a s e  
tlie H / C  r a t i o  and s o l u b i l i t y  i n  p y r i d i n e  (18) .  

The g e n e r a l  

The approach  which h a s  been adopted f o l l o w s  t h e  work of  Hawk and Hl t sehue  (19) 
2nd WPIInr ( 2 0 )  who j . n v e s t i g a t e d  c a t a l y t i c  c o a l  hydrogena t ion  i n  t h e  absence of 
solrer i :  i n  o r d e r  t o  reduce t h e  number of  v a r i a b l e s  i n  t h e  sys tem and t h e  problems of 
l n t c r p r e c a t i o n .  The p r i n c i p a l  d i f E e r e n c e  i n  t h e  s t u d i e s  r e p o r t e d  h e r e ,  compared t o  
tlie e a r l i e r  work, i s  t h a t  r e a c t i o n s  have been conducted  a t  s u b s t a n t i a l l y  lower 
terniw?r.il'ires n n d  p r e s s u r e s .  

KYArri m m t  a1 

I 

- - .- - 

Cor! 1 P r e  pa r  a t  i on 

SJm;,les o f  3 b i tuminous  c o a l  were o b t a i n e d  i n  undried 1 1 2 ' '  lump form from The 
Pent isylva?ia  S t a t e  Llniv r s l t y  Coal Sample Rank. The c o a l s  were g round ,  w i thou t  
d r y i n g  t r )  minus 8 0 0 ~ 1 0 - ~  m i n  a g love  box which was f i r s t  purged and ma in ta ined  
uiider pr t ' ssure  u s i n g  a f l o w  of  oxygen-f ree  n l t r o g e n .  The t o t a l  g round p roduc t  was 
r i f f l e d  and t h e n  d l v i d e d  i n t o  approx ima te ly  20 gram l o t s  which were s e a l e d  i n t o  
v i a l s  wh l l e  s t l L l  i n  t he  g l o v e  box. The o r t g i n  and a n a l y s i s  of t h e  ground c o a l s  a r e  
summarized i n  Tab le  1 .  

The molybdenum c a t a l y s t  used l n  t h e s e  expe r imen t s  was impregnated  o n t o  t h e  

The p rocedure  was t o  mix t h e  
c o a l s  us ing  an aqueous  s o l u t i o n  of ammonium hep ta  molybdate  (NH4)6M~7024.4H20 
( s u p p l i e d  by c o u r t e s y  of  Climax Molybdenum, Co.). 
p r e r e q u i s i t e  q u a n t i t y  o f  t h e  molybdenum s a l t  w i t h  t h e  c o a l  f o l l o w i n g  which 
s u f f i c i e n t  d i s t i l l e d  wa te r  was added t o  form a t h i c k  s l u r r y  which was s t i r r e d  f o r  30 
minu tes  a t  room t empera tu re .  The e x c e s s  wa te r  was removed by vacuum a t  room 
t empero tu re  o v e r n i g h t .  ( I t  was e s t i m a t e d  t h a t  by t h i s  t echn ique  more t h a n  98% u t  of 
c a t a l y s t  was r e t a i n e d  on t h e  coa l . )  

Reac t ion  and P roduc t  Workings -- 

Reac t ions  were c a r r i e d  ou t  u s i n g  s t a n d a r d  t u b i n g  hombs (20  c c  c a p a c i t y )  
co i r - t ruc t ed  o u t  of 316  s t a i n l e s s  s t e e l  whlch were loaded w i t h  approx ima te ly  5 g of 
samplr .  The bomhs were  f i r s t  purged of a i r  s e v e r a l  t lmes  w i t h  n i t r o g e n  a n d ,  i f  
r e q i i l r d .  purged  o f  n i t r o g e n  and s e a l e d  w l t h  t h e  r e a c t a n t  g a s  t o  a c o l d  p r e s s u r e  of 
1000 psifi.  The bombs were hea ted  by Immersion i n  a p rehea ted  f l u i d i z e d  sandba th  
h e a t e r  Arhich r a p i d l y  r a i s e d  t h e  c o n t e n t s  of t h e  bomb t o  r e a c t i o n  t empera tu re .  
A g i t a t i o n  was p rov ided  by o s  l l l a t l n g  t h e  bomb th rough  a v e r t i c a l  d i sp l acemen t  of 5 
cm a t  a f r equency  of 50 sec-'. A t  t h e  end of t h e  r e a c t l o n  p e r i o d ,  t h e  bomb was 
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removed from t h e  sandbat l i  and quenched by immersion i n  water .  

l h e  e x c e s s  p r e s s u r e  i n  t h e  bomb was r e l e a s e d  by v e n t i n g  a t  room t e m p e r a t u r e  
d u r i n g  which t ime g a s  samples  were c o l l e c t e d  €o r  a i i a l y s i s .  The r e a c t o r  c o n t e n t s  
were comple te ly  removed t o  a p r e d r i e d  ceramic  S o x h l e t  th imble  u s i n g  ch lo ro fo rm as 
wash s o l v e n t .  Soxl i le t  e x t r a c t i o n s  were t h e n  c a r r i e d  o u t  f o r  1 2  hours  i n  b o i l i n g  
chloroFnrm under  a p r o t e c t i v e  b l a n k e t  of n i t r o g e n .  The r e s u l t i n g  r e s i d u e  was d r i e d  
i n  vaciir) a t  llO°C f o r  12 h o u r s  t o  remove remaining s o l v e n t .  

$ 

The ch lo ro fo rm e x t r a c t s  were f i l t e r e d  (Whatman 4 2  f i l t e r  p a p e r )  under  a 
n i t r o g e n  b l a n k e t  and t h e  e x c e s s  ch lo ro fo rm removed on a r o t a r y  e v a p o r a t o r  a t  
40°C. Che r e s u l t i n g  product  was then  f u r t h e r  d r i e d  i n  vacuo f o r  1 hour  a t  
110°C. 
under  ref  r i g e r a t e d  c o n d i t i o n s .  

J 

The r e s i d u a l  and e x t r a c t  p r o d u c t s  were s e a l e d  unde r  n i t r o g e n  and s t o r e d  

The t o t a l  y i e l d s  of  c h l o r o f o r m  s o l u b l e  e x t r a c t  and g a s e s  were c a l c u l a t e d  from \ 
t h e  mass of d r t e d  c h l o r o f o r m  i n s o l u b l e  r e s i d u e  and r e p o r t e d  a s  a p e r c e n t a g e  of dmmf 
c o a l .  I n  t h o s e  c a s e s  where c a t a l y s t  had been added ,  t h e  assumpt ion  was made t h a t  
t h e  molybdenum i n  t h e  r e s i d u e  had been conver ted  t o  a 50-50 mixture  of MOO 
MoS,. 
n o t ' a f f e c t  the  g e n e r a l  t r e n d  shown i n  t h e  d a t a .  The r e p r o d u c i b i l i t y  of t h e  t o t a l  
y f e l d s  was found t o  be w i t h i n  Z Y .  

Anal y t i c A  

and 
T h i s  assumpt ion  r e q u i r e s  v e r i f t c a t i o n  b u t  any r e s u l t i n g  i n a c c u r a c y  a o e s  

-I 

The ch lo ro fo rm s o l u h l c  e x t r a c t s ,  t h e  i n s o l u b l c  r e s i d u e s  and n o n e x t r a c t e d  c o a l s  
were ana lyzed  f o r  e l e m e n t a l  composi t ion .  
n.m.r.  s p e c t r o s c o p y  ( u s i n g  p y r i d i n e  a s  s o l v e n t )  and by h i g h  r e s o l u t i o n  mass 
s p e c t r o m e t r y  (KRATOS M-50 s p e c t r o m e t e r ,  r e s o l i l t i o n  1:30,000) .  The mass 
s p e c t r i i m e t r i c  method employed d i r e c t  probe sample i n t r o d u c t i o n  which a l l o w s  a n a l y s i s  
of m a t e r i a l s  which a r e  v o l a t i l i z e d  a t  350°C and a p r e s s u r e  of 

The e x t r a ? t s  were a l s o  ana lyzed  by 'H 

mm Of 
mercury . \7% 

The p a r e n t  c o a l s  and n o n e x t r a c t e d ,  r e a c t e d  samples  were ana lyzed  by 13C 
n.m.r. u s i n g  two independent  methods t o  de t emine  d i f f e r e n c e s  i n  a r o m a t i c i t y ;  
c r o s s - p o l a r  magic a n g l e  s p i n n i n g  and t h e  Bloch decay  technique.(Z\> 

R e s u l t s  and Discuss ion  

E x t r a c t  Y i e l d s  

The t o t a l  y i e l d s  of  c h l o r o f o r m  e x t r a c t e d  l i q u i d s  and g a s e s  o b t a i n e d  under  
d i f l e r e n t  r e a c t i o n  c o n d i t i o n s  a r e  shown i n  T a b l e  2 and a r e  p r e s e n t e d  i n  F i g u r e  1. 
I t  can  be seen  t h a t  t h e  e x t r a c t  y i e l d  o b t a i n e d  i n  n i t r o g e n  i n c r e a s e s  w i t h  
tempera ture  from 0.9% a t  b l o c  t o  a va lue  of  9.2% a t  40OoC. 
h e a t i n g  on e x t r a c t  y i e l d  a r e  c o n s i s t e n t  w i t h  t h o s e  r e p o r t e d  p r e v i o u s l y  ( 1 , 2 , 7 , 8 )  and 
the  v.tlue a t  4OO0C i s  of t h e  same o r d e r  a s  h a s  been measured € o r  c o a l s  of 
s i m i l a r  rank ( 2 ) .  

The e f E e c t s  o f  

More n o t a b l y ,  a t  t e m p e r a t u r e s  above about  325OC, t h e  t o t a l  y i e l d  i s  
I n c r e a s e d  t o  some d e g r e e  by t h e  presence  of hydrogen g a s  and more a p p r e c i a b l y  by t h e  
combina t ion  o f  hydrogen and impregnated c a t a l y s t .  In t h e  l a t t e r  c a s e ,  t h e  y i e l d  a t  
600'C amounted t o  43.1% of dmmf c o a l  which is mure than  a f a c t o r  of two h i g h e r  
t h a n  obLained i n  hydrogen a l o n e  and over  f o u r  t i m e s  t h a t  i n  n i t r o g e n .  Accura te  
f i g u r e s  f o r  t h e  g a s  make a r e  n o t  y e t  a v a i l a b l e  a l t h o u g h  from p r e l i m i n a r y  e s t i m a t e s  
t h e  q u a n t i t y  d o e s  n o t  a p p e a r  t o  be h i g h e r  t h a n  about  5% dmmf c o a l  a t  t h e  maximum 
t o t a l  y i e l d  measured. 
a s u b s t a n t i a l  p r o p o r t i o n  of t h e  c o a l  s u b s t a n c e  has  been rendered  s o l u b l e  and 

Consequent ly ,  i t  can  be s c e n  t h a t  by c a t a l y t i c  hydrogena t ion  
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TABLE I 

COAL ANALYSIS 

Bituminous HVA 
PSOC 1266 
Ohio 1/5 (Lower Kittanning) 
East Fairfield C '(1 

3.36 
6.09 

83.20 
4.97 
8.64 
2.06 
1.35 
0.76 

' b y  I r w  tempcrature nsl i ing  

TABLE 2 

TOTAL YIELDS (CHLOROFORM SOLUDLES AND GASES) FRON BITUMINOUS COAL 
REACTED FOR 1 h, 1000 p s i g  GAS (COLD) 

Reat tion Temperature, O C  

250 
300 
350 
400 

Yield % dmmf+ 
Noncatalyzed Catalyzed" 

____ 
____ 

0 . 9  
1.2 
6 . 3  

19 .3  

0 . 3  
1 .3  
9 . 2  

43.1 

, 

'Yields are the average ot at least two results. Estimated error tl%. 

5%. MCI on a.r. coal added a s  ammonium liepta molybdate. 
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e x t r a c t a b l e  i n  ch loroform.  The l e s s e r  improvement i n  y i e l d  found i n  hydrogen a l o n e  
mav be a t t r i b u t a b l e  t o  c a t a l y s i s  by d i s p e r s e d  m i n e r a l  m a t t e r .  

From t h e s e  d a t a  I t  i s  n o t  p o s s i b l e  t o  a s c e r t a i n  whether  t h e  c h l o r o f o r m  s o l u b l e  
m a t e r i a l s  r e a l i z e d  under  h y d r o c e n a t i v e  c o n d i t i o n s  a r e  d e r i v e d  s o l e l y  from t h e  more 
r f f i c l e - t  l j b e r a t i o n  of t r a p p e d  s p e c i e s  or  whether  t h e r e  is some accompanyin% 
decompf ls t t ion  o f  t h e  'network. '  N e v e r t h e l e s s ,  t h e  h i s h  y i e l d s  o b t a i n e d  w i t h  
imprecvlnted c a t a l y s t  sugy.est t h a t  a p r o p o r t i o n  of  t h e  e x t r a c t a b l e  p r o d u c t s  may be 
Producrri th rouph r e a c t i o n s  which i n v o l v e  b r e a k i n g  r e l a t i v e l y  s t r o n g  c h e m i c a l  bonds. \ 

- Coal and E x t r a c t  Composition 

The c o a l  a r o m a t i c i t i e s  measured by 13C n.m.r. a r e  shown i n  T a b l e  3. The 
r e s u l t s  o b t a i n e d  by t h e  two methods d i f f e r  s i s n i f i c a n t l y  i n  a b s o l u t e  t e r m s ,  r e a s o n s  
f o r  which a r e  c u r r e n t l y  beiny! i n v e s t i g a t e d ,  The d i f f e r e n c e s  a r e ,  however,  
s y s t e m a t l c  and d e p i c t  t h e  same r e l a t i v e  changes  i n  f , which show t h a t  under  
h o t h  s e t s  of r e a c t i o n  c o n d i t i o n s  t h e  a r o m a t i c i t y  inc?eases .  I n  t h e  p r e s e n c e  of 
c a t a l y s t  t h e  e x t e n t  of a r o m a t i z a t i o n  i s  reduced b u t  t h e  n e t  c h e m i c a l  r e a c t i o n s  
e v i d e n t l y  i n v o l v e  d e h y d r o g e n a t i o n  r a t h e r  t h a n  hydroRenat ion .  

a r e  c o n s i s t e n t  w i t h  t h e  "C n.m.r. a n a l y s e s .  The r e s u l t s  f o r  t h e  c h l o r o f o r m  
s o l u b l e  e x t r a c t s  d o  no t  r e f l e c t  t h e  same t r e n d ,  t h e  hydrogen c o n t e n t  of t h e  e x t r a c t s  
d e r i v e d  f o l l o w i n g  r e a c t i o n  bein,? s i m i l a r  t o  o r  h i g h e r  t h a n  t h a t  from t h e  p a r e n t  
c o a l .  I n  t h e  absence  of Ras a n a l y s e s ,  i t  is d i f f i c u l t  t o  draw any  i n f e r e n c e  from 
t h e s e  d a t a ,  a l thouRh i t  i s  notewor thy  t h a t  t h e  hydrogen  c o n t e n t  o f  t h e  e x t r a c t s  f a  
l i t t l e  t n f l u e n c e d  hy t h e  s u b s t a n t i a l  chanRes i n  y i e l d .  

1 

The hydrocrn  c o n t c n  and  t h e  H I C  r s t i o s  of t h e  c o a l s  and r e s i d u e s ,  T a b l e  4 ,  
-* 

The r o l e  of t h e  added c a t a l y s t  i s  n o t  a t  a l l  c l e a r .  Its a d d i t i o n  r e s u l t s  i n  a 
two-fold i n c r e a s e  i n  an  e x t r a c t a b l e  m a t e r i a l  w h i l e  a p p a r e n t l y  t h e r e  is only a s m a l l  
e f f e c t  on n e t  hydrogenat ion .  

F u r t h e r  c o m p o s i t i o n a l  a n a l y s e s  of  t h e  e x t r a c t s  were u n d e r t a k e n  t o  a t t e m p t  t o  
e l u c i d a t e  t h e  f u n c t i o n ' o f  t h e  c a t a l y s t  and the  o r i K i n  of t h e  a d d i t i o n a l  c h l o r o f o r m  
s o l u b l e  l i q u i d s .  
d e r i v e d  from hydroRenat ive  r e a c t i o n s  i n  t h e  p r e s e n c e  and absence  of  added c a t a l y s t ,  
were found t o  h e  v i r t u a l l y  i n d i s t i n g u i s h a b l e ,  T a b l e  5 .  

The hydroKen t y p e  d i s t r i b u t i o n s  by 'H n.m.r. of e x t r a c t s ,  

A comparison of t h e  d i s t r i b u t i o n  of hydrncarhon f r a c t i o n s  of t h e s e  same samples  
o b t a i n e d  by h i g h  r e s o l u t i o n  mass s p e c t r o m e t r y  (IIRtlS)  and s u b s e q u e n t  d a t a  r e d u c t i o n  
i s  shown i n  FiRure 2. The format  f o r  t h i s  f i g u r e  i s  s imply  a p l o t  o f  i o n  i n t e n s i t y  
v s  Z number c l a s s  (Cxl12x-z) w i t h  e a c h  2 number c l a s s  o r d e r e d  by c a r b d n  
number. (Thus ,  benzenes  c o n t r i h u t e  t o  2-6 n a p t h a l e n e s  t o  Z-12 p h e n a n t h r e n e s  t o  2-18 
and p y r e n e s  t o  2-22.)  
was approximate ly  t h e  same f o r  t h e  two e x t r a c t s  (32% f o r  c a t a l y z e d ,  35% 
n o n c a t a l y z e d )  and t h e  s i m i l a r i t y  of  t h e  HRHS p r o f l l e s  i n d i c a t e s  t h a t  t h e  
d i s t r i h u t i o n  and c o m p o s l t i o n  of t h e  hydocarbons is a l s o  very  s i m i l a r .  T h i s  c l o s e  
c o r r e s p o n d e n c e  of  H R N S  p r o f i l e s  was a l s o  observed  f o r  o t h e r  compound c l a s s e s  i n  t h e  
e x t r a c t s  (Cxlly02, CxHyO,  C H N).  

The y i e l d  o f  hydrocarbons  ( a s  a f r a c t i o n  of t o t a l  e x t r a c t )  

I X Y  

I n o t  y e t  known i f  t h e y  a r e  r e p r o d u c i b l e  o r  s l m l f i c a n t .  A f u r t h e r  and p o s s i b l y  
A numher of  minor d i f f e r e n c e s  were d e t e c t e d  i n  a l l  of t h e  p r o f i l e s  b u t  i t  is 

i m p o r t a n t  d i s t i n c t i o n  was t h a t  i n  t h e  monoxysenate p r o f i l e  ( C  !I 0) t h e  
e x t r a c t  from t h e  c a t a l y z e d  r e a c t i o n  showed a h i r h e r  c o n c e n t r a t i h  of monoaromatlc 
phenols .  
e x t r a c t  c o n t a l n e d  a measurahly  h i g h e r  c o n c e n t r a t l o n  of  p h e n o l i c  -OH groups .  T h i s  
p a r t i c u l a r  phenomenon which h a s  been noted i n  e a r l i e r  s t u d i e s  of low t e m p e r a t u r e  
c o a l  r e d u c t i o n  ( 1 8 )  i s  t h e  s u b j e c t  of c o n t i n u i n g  i n v e s t i g a t i o n .  

Examinat ion  by d i s p e r s i v e  i n f r a r e d  s p e c t r o m e t r y  conf i rmed t h a t  t h i s  
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TABLE 3 

ARI~~LZTICI'IIES OF NONEXTRAC'IEI) COA1.S BY I 3 C  n.m.r. 

r il (CP-MS) 

f a  (Block Decay) 

Samp I e 

Reactiun ,iL 400°C. 1 t i ,  1000 p s i g  H2 ( c o l d )  

No A d d 4  ( : a L a l T v  MO I m  re n a t e d  -___ I'areiit Cun1 

0.71 0.78 0.74  

0.75 0.84 0.79 

TABLE 4 

HYDROGEN C O N l E N T  AND H / C  ATOMIC RA'TIO OF COALS, 
EXTRACI'S AND RESIDUES 

Ke.irtir,ii 400"C,  I h ,  1000 p s i g  H 2  ( co ld )  
- 

__- Pariwt  Coal - No Added Ca ta lys t  Mo Impregnated 

H wt% dmnlf 4 . 9 7  

H/C Atomic 0.72 
(:<la I 

r a t  i o  

H 2: dmmf 4.8h 

H/C i i t un i i c  0.71  
R e s  i d u c  

r a t  i n  

11 r! dmmf 6 . 5 2  

H / C  atomic 1.01 
l:~<tlil<:.t 

r a t i o  

4.51 

0.65 

4.00 

0 .58  

7 . 2 5  

I .05 

TABLE 5 

IIYDROGEN TYPE DISTRIBUTION OF CHLOROFORM SOLUBLE EXTRACTS 
BY 'H n.m.1-. 

( C { W I  t-e;l(:ted :IL 400°C. 1000 p " i x  Hz) 

0.% 0 . 2 5  0.05 

0.34 0 . 2 4  0.07 

5.06 

0 .71  

4.61 

0.63 

6.95 

1.00 

L' 

0 . 3 2  

0.30  
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I 
O v e r a l l  (and e x c e p t l n e  t h e  p o s s i b l e  p r o d u c t i o n  o f  p h e n o l s )  a l t h o u g h  t h e  

c a t a l y s t  h a s  heen found t o  have a major i n f l u e n c e  upon t h e  r e l e a s e  a n d / o r  p r o d u c t i o n  
o f  c h l o r o f o r m  s o l u b l e  m a t e r i a l ,  t h e  a v a i l a b l e  c o n p o s l t i o n n l  I n f o r m a t i o n  i n d i c a t e s  
t h a t  i t s  mechanism I s  u n u s u a l l y  s u h t l e .  The a d d i t t o n a l l y  e x t r a c t a h l e  l i q u i d s ,  
whether  o r i g i n a l l y  t r a p p e d  o r  d e r i v e d  from t h e  'ne twork '  a r e  very  s i m i l a r  i n  
s t r u c t u r e  t o  t h o s e  g e n e r a t e d  i n  t h e  absence  of c a t a l y s t .  
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COAL LIQUEFACTION AND HYDROGEN 
UTILIZATION AT LOW TEMPERATURES 

B.C. Bockrath, E.G. I l l i g ,  
D.H. Finseth,  and R.F. Sprecher  

U.S. Department of Energy 
Pi t t sburgh  Energy Technology Center 

P.O. Box 10940 
Pi t t sburgh ,  PA 15236 

The i n i t i a l  conversion of coa l  t o  mater ia l  t h a t  may be ex t rac ted  by polar  
so lvents  such a s  te t rahydrofuran  o r  pyr id ine  requi res  only r e l a t i v e l y  mild l ique-  
f a c t i o n  condi t ions.  The chemistry of  t h e  i n i t i a l  d i s s o l u t i o n  s t e p s  is very l i k e l y  
t o  be of g r e a t  importance t o  the  o v e r a l l  l iquefac t ion  prnnnss I n  t.ha_t. t.he yield 
and charac te r  of  t h e  i n i t i a l l y  formed products may g r e a t l y  inf luence  t h e  success  
of subsequent l i q u e f a c t i o n  s teps .  Although conversion to  the i n i t i a l  products 
seems t o  r e q u i r e  a minimum of bond breaking, hydrogen-deuterium exchange reac t ions  
ind ica te  t h a t  a r i c h  chemistry t r a n s p i r e s  a t  the same time (1-4). 

I n  t h e  fo l lowing  experiments, t h e  conversion of coa l  was examined a s  a func- 
t i o n  of severa l  v a r i a b l e s  over t h e  range of temperatures from 3000C t o  450OC. The 
net  change i n  both t h e  conten t  and t h e  d i s t r i b u t i o n  of  hydrogen among t h e  products 
was followed using a n  a n a l y t i c a l  scheme based on elemental and NMR analyses .  This  
method h a s  been used t o  determine t h e  ne t  hydrogen u t i l i z a t i o n  divided among cate-  
g o r i e s  f o r  hydrogenation, hydrocarbon gas formation, heteroatom removal, and 
matr ix  bond breaking (5). 

Experimental 

Coal l i q u e f a c t i o n  was conducted i n  a 0.5-L s t i r r e d  autoclave.  I n  a typ ica l  
experiment, 30 g (maf) of coa l  ground t o  pass 60 mesh was charged t o  t h e  autoclave 
along with 70 g of coal-derived so lvent .  The so lvent  was a d i s t i l l a t e  cu t  
(2400C-450oC) obta ined  from opera t ions  a t  t h e  SRC-I1 p i l o t  p l a n t  a t  F t .  L e w i s ,  
Wash. The au toc lave  was pressur ized  with t h e  appropr ia te  amount of hydrogen o r  
ni t rogen t o  o b t a i n  t h e  des i red  operat ing pressure a t  temperature. Heat-up time t o  
l iquefac t ion  temperatures  was about 45 minutes. The autoclave was held a t  
temperature f o r  t h e  s p e c i f i e d  time and then rap id ly  cooled by means of  i n t e r n a l  
water-cooling c o i l s .  Grab samples of  t h e  off-gas  were taken f o r  a n a l y s i s  by gas 
chromatography a s  t h e  au toc lave  was depressurized.  

Conversion d a t a  i n  F igures  1 and 2 were obtained by f i r s t  f i l t e r i n g  t h e  auto- 
c lave  contents  through a Whatman 1541 f i l t e r  on a Buchner funnel  maintained a t  
60OC. The res idue  was then washed with te t rahydrofuran (THF) u n t i l  t h e  washings 
were near ly  c o l o r l e s s .  Data i n  Figure 3 were obtained by f irst  d iges t ing  t h e  
l i q u i d  product from the  autoclave with THF. The d i g e s t  was vacuum-filtered 
through Whatman 112 f i l ter  paper, and t h e  residue was washed with THF u n t i l  t h e  
e x t r a c t  was near ly  c o l o r l e s s .  All residues were dr ied  a t  llOoC and weighed. 
Conversion va lues  were based on t h e  weight of dr ied  residue.  

The methods used t o  determine hydrogen u t i l i z a t i o n  d a t a  have been 
described (5) .  Data from t h e  elemental a n a l y s i s  of  t h e  feed coal and l i q u e f a c t i o n  
so lvent ,  inc luding  t h e  d i r e c t  oxygen ana lys i s ,  were used i n  these  ca lcu la t ions  
( s e e  Table 1) .  The l i q u i d  products  were separated by Soxhlet  e x t r a c t i o n  with 
methylene ch lor ide .  The carbon a r o m a t i c i t i e s  were determined b '3C NMR using 
CP/MAS techniques on t h e  inso luble  f r a c t i o n  and high reso lu t ion  lyC NMR i n  CDzC12 
for  t h e  e x t r a c t .  

I' 
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Resul t s  and Discussion 

/ 
1 

Liquefaction. The r e a c t i v i t i e s  of the two bituminous coa ls  a r e  compared i n  
Figure 1 a s  a func t ion  of temperature. The pronounced d i f fe rence  i n  r e a c t i v i t y  a t  
325OC decreases rap id ly  with increas ing  l i q u e f a c t i o n  temperature. Although a 
d i f fe rence  i n  r e a c t i v i t y  of t h e s e  c o a l s  was expected, i t  is nonetheless  remarkable 
t h a t  t h e  conversion of the  I l l i n o i s  coa l  remains high even a t  a temperature as  low 
a s  325%. The d i f f e r e n c e s  in p a t t e r n s  of hydrogen u t i l i z a t i o n  discussed below are 
not  s t r i k i n g  f o r  these  two coals .  The s t r u c t u r a l  d i f fe rences  between t h e  c o a l s  
t h a t  are responsible  f o r  t h e i r  ind iv idua l  responses t o  react ion temperature is a 
matter  still open t o  quest ion.  A t  least, t h e s e  da ta  i n d i c a t e  t h a t  the  choice of 
feedstock coal  is even more c r i t i c a l  f o r  l i q u e f a c t i o n  a t  lower temperatures than  
a t  conventionally used temperatures. 

The conversion of the  I l l i n o i s  coal  is shown i n  Figure 2 a s  a func t ion  of 
reac t ion  time after reaching temperature f o r  t h r e e  temperatures. I t  is evident  
t h a t  most conversion is complete wi th in  a s h o r t  i n i t i a l  period of reac t ion  even 
f o r  t h e  lowest of l iquefac t ion  temperatures. Undoubtly, some of t h i s  conversion 
occurs during heat-up. Although conversion t o  low molecular weight products  may 
requi re  more severe condi t ions,  t h e  breakdown of t h e  matrix s t r u c t u r e  of coa l  
requi res  l i t t l e  time a t  modest temperatures. This same pat te rn  of r e a c t i v i t y  was 
noted earlier f o r  l i q u e f a c t i o n  of c o a l  i n  t e t r a l i n  a t  400% ( 6 ) .  The present  
experiments show t h a t  the  "prompt" y i e l d  of e x t r a c t  increases  somewhat with 
temperature. 

The e f fec t  of hydrogen pressure on conversion i s  q u i t e  s i g n i f i c a n t .  F igure  3 
conta ins  conversion d a t a  obtained a t  var ious temperatures and pressures  of 
hydrogen or nitrogen. A s  expected, conversions increase  with hydrogen pressure  
but hardly change with increas ing  n i t rogen  pressure.  The s e n s i t i v i t y  of convcr- 
s ion  t o  hydrogen pressure  is a func t ion  of l i q u e f a c t i o n  temperature. For example, 
increas ing  hydrogen pressure from zero  t o  2000 ps i  produces a l a r g e r  increase  i n  
conversion at 400OC than a t  350OC. It is not known whether t h i s  d i f fe rence  is 
r e l a t e d  t o  the thermochemistry of bond s c i s s i o n  reac t ions  or t o  t h e  s t a t e  of  
reduct ion of p y r i t e  i n  the  mineral matter t o  p y r r h o t i t e ,  which may a c t  as a modest 
c a t a l y s t  f o r  coa l  l iquefac t ion .  Under these  r e a c t i o n  condi t ions,  a n a l y s i s  of t h e  
off-gases for  H2S and of t h e  recovered mineral res idues f o r  p y r r h o t i t e  content  
shows t h a t  the  reduct ion of p y r i t e  is incomplete a t  350%. I t  is somewhat g r e a t e r  
a t  4000C, but probably n o t  y e t  complete. 

The character  of the l i q u e f a c t i o n  so lvent  is well-known t o  have a major 
in f luence  on conversion under conventional condi t ions.  A number of experiments 
were made t o  determine whether conversions obtained a t  the r e l a t i v e l y  low tempera- 
t u r e s  employed here  would be s e n s i t i v e  t o  modif icat ions i n  t h e  coal-derived l ique-  
f a c t i o n  solvent. I n  one case,  10% of the weight of t h e  coal-derived so lvent  was 
replaced by t e t r a l i n ,  a well-known hydrogen donor. Many s t u d i e s  have shown t h a t  
coal  conversion increases  with minor addi t ion  of t e t r a l i n  t o  a l i q u e f a c t i o n  
so lvent  t h a t  is poor in donable hydrogen ( 7 ) .  Conversions were not  changed wi th in  
experimental e r r o r  f o r  r e a c t i o n  temperatures of 325oC, 350OC, and 4000C under 
hydrogen pressures  of  e i t h e r  1000 or 2000 psig. Thus the  amount of conversion 
under these  condi t ions is not  l imi ted  by lack  of hydrogen donor compounds i n  t h e  
coal-derived solvent .  

I n  a similar way, 10% o f  the weight of t h e  coal-derived solvent  was replaced 
by pyrene, a compound reported t o  be e s p e c i a l l y  e f f e c t i v e  as both a hydrogen 
t r a n s f e r  agent (8) and a physical  so lvent  for promoting l i q u e f a c t i o n  (9). 
Addit ion of t h i s  compound a l s o  had no e f f e c t  within experimental e r r o r  on conver- 
s ion  obtained a t  350OC o r  400OC under 1000 p s i g  hydrogen. Taken together ,  t h e s e  
experiments i n d i c a t e  t h a t  f o r  l i q u e f a c t i o n  a t  r e l a t i v e l y  low temperatures, t h e  
coal-derived so lvent  employed is not  lacking i n  components s u i t e d  f o r  hydrogen 
donat ion,  hydrogen s h u t t l i n g ,  or phys ica l  so lva t ion .  
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Hydrogen U t i l i z a t i o n .  A second s e t  of autoclave experiments was performed t o  
determine if changes in hydrogen d i s t r i b u t i o n  during l i q u e f a c t i o n  were d i f f e r e n t  
f o r  coals  of d i f f e r e n t  r e a c t i v i t y .  For i n i t i a l  experiments, t h e  reac t ion  condi- 
t i o n s  s e l e c t e d  were 2000 p s i  hydrogen and 1 5  min. a t  var ious temperatures. I n  
order  t o  improve t h e  r e l i a b i l i t y  of the  hydrogen d i s t r i b u t i o n  da ta ,  t h e  work-up 
procedure was modified t o  use only s o l v e n t s  compatible with t h e  NMR measurements 
needed t o  monitor hydrogenation. The e n t i r e  conten ts  of t h e  autoclave were 
Soxhlet-extracted with methylene ch lor ide  t o  y i e l d  s o l u b l e  and inso luble  
f rac t ions .  The y i e l d  of so luble  mater ia l  is  l e s s  using methylene ch lor ide ,  but 
res idua l  so lvent  does not  i n t e r f e r e  with subsequent NMR aromatici ty  measurements. 
Both t h e  s o l u b l e  and inso luble  f r a c t i o n s  undergo elemental and NMR analys is .  
Thus, t h e  r e l a t i v e  amount of each f r a c t i o n  does not a f f e c t  t h e  values  determined 
for t h e  ne t  amount of hydrogen used. For both coals ,  t h e  gas  y i e l d  was negl ig ib le  
a t  300% and 350OC, but  increased to  1.25-1.51 at 4OOOC and 8.2%-8.4% a t  4 5 0 W  on 
an  maf basis .  

/ )  

The tn ta l  kydrzgen u t i l i z s t i o n  io d i r i d e d  i n k  f=- catcgc-ics i n  Tablc  2. 
These r e s u l t s  are a r r i v e d  a t  using an a n a l y t i c a l  approach described 
previously (5). E n t r i e s  in Table 2 g i v e  the n e t  number of hydrogens incorporated 
( p o s i t i v e  sign) or produced (negat ive  sign) per  1 0 0  carbons of  feed s lur ry .  I t  
must be emphasized t h a t  these  numbers i n d i c a t e  only & changes in hydrogen 
involved in a p a r t i c u l a r  mode of u t i l i z a t i o n  and they inc lude  all the  carbon in 
t h e  whole feed s l u r r y  not  j u s t  tha t  i n  the coal .  Negative numbers appearing in 
Table 2 for hydrogenation and matr ix  bond cleavage i n d i c a t e  t h a t  hydrogen (not  
necessar i ly  i n  t h e  form of H2 gas)  i s  being generated within t h e  s l u r r y  by 
dehydrogenation (aromatizat ion)  o r  condensation reac t ions ,  respec t ive ly .  

The d a t a  i n  Table  2 i n d i c a t e  t h a t  cracking reac t ions  producing C1-C4 hydro- 
carbon gases  a r e  not  s i g n i f i c a n t  hydrogen consumers up t o  a t  l e a s t  400%. Hetero- 
atom removal increases  with reac t ion  temperature and is primari ly  oxygen removal 
under these  condi t ions.  (The maximum consumption by removal of N + S in these 
runs was 0.5 HA00 C for I l l i n o i s  #6 a t  450OC.) The higher content of l a b i l e  
oxygen of t h e  I l l i n o i s  #6 coal  is r e f l e c t e d  i n  Table 1. 

The e f f e c t  of temperature on the  aromatici ty  of t h e  t o t a l  product (sols + 
i n s o l s  + gases)  is ind ica ted  i n  Figure 4. The t rend t o  increas ing  product a r m a -  
t i c i t y  with i n c r e a s i n g  temperature is t h e  same for both coals .  The d a t a  ind ica te  
t h a t  a t  low temperatures  t h e  n e t  chemistry i s  hydrogenation, bu t  above about 400° 
t h e  t o t a l  product a romat ic i ty  exceeds t h a t  of the  feed  s l u r r y .  This  ind ica tes  
t h a t  t h e  ne t  r e a c t i o n  above 4OO0C, even under 2000 p s i  hydrogen gas, i s  aromatiza- 
t i o n  of t h e  feed  s l u r r y  (coa l  + solvent) .  

A similar p a t t e r n  was observed i n  an e a r l i e r  s tudy of hydrogen u t i l i z a t i o n  in 
a small cont inuous r e a c t o r ,  although i n  t h a t  case  t h e  magnitude of t h e  var ia t ion  
of net hydrogenation with temperature was l a r g e r  (5 ) .  This  dominance of aromati- 
ZatiOn over  hydrogenation a t  high temperatures is expected on thermodynamic l 
grounds. 1 

During l i q u e f a c t i o n ,  bonds a r e  being both broken ( thermolysis)  and formed 
(condensation). The category "matrix cleavage" i n  Table 2 at tempts  t o  quant i ta te  - 
t h e  mount  of hydrogen involved i n  bond-making/bond-breaking chemistry of  the  feed 
.slurry: T h i s  v d u e  fer t h e  kydrogsn i n ~ n l v e d  i n  bond o l ~ v s g c  is necessar i ly  
determined by d i f fe rence  and thus  should be i n t e r p r e t e d  with caut ion.  With t h i s  
Warning i t  can be noted t h a t  for the  Blacksvi l le  l iquefac t ion  experiments a t  4OO0C 
and 450OC, t h e  n e t  hydrogen u t i l i z e d  i n  matrix cleavage is  nil, i n d i c a t i n g  t h a t  
any bond cleavage t h a t  occurs  consuming hydrogen is balanced by condensation 
reac t ions  producing hydrogen. A t  325OC for the  B l a c k s v i l l e  coa l ,  t h e  data 
i n d i c a t e  n e t  production of 2 hydrogens per 100 s l u r r y  carbons or a s l i g h t  
dominance of condensation reac t ions  over thermolysis  reac t ions .  It is not 
unreasonable t o  expec t  condensation to  predominate a t  low temperatures. The 325OC 



I 
experiments w i t h  I l l i n o i s  #6 coa l  a l s o  i n d i c a t e  a predominance of condensation 
reac t ions ,  bu t  the  s c a t t e r  of  t h e  data  f o r  t h e  I l l i n o i s  116 coal  l i q u e f a c t i o n  
experiments i s  too high t o  comment on with confidence. 

The ne t  amount of hydrogen consumed i n  matrix cleavage i s  a measurement o f  
the  r e s u l t a n t  of two opposing r e a c t i o n  routes  and i s  thus expected t o  be a func- 
t i o n  of so lvent  type,  reac t ion  time, c a t a l y s t ,  coal ,  and temperature. The 
response of hydrogen u t i l i z a t i o n  t o  these var iab les  is  now under inves t iga t ion .  
The present  d a t a  form a base l ine  f o r  f u t u r e  comparisons. Improvements i n  t h e  
a n a l y t i c a l  method w i l l  make it e a s i e r  t o  form firm conclusions on the r e l a t i v e  
importance of  condensation versus  thermolysis a s  a func t ion  of reac t ion  
condi t ions.  

t 

It is  i n t e r e s t i n g  t o  note ,  however, t h a t  both i n  t h i s  work (325OC d a t a )  and 
i n  the previous s tudy of continuous u n i t  operat ion,  t h e r e  is evidence f o r  t h e  
dominance of condensation reac t ions  under mild condi t ions.  The a n a l y t i c a l  
approach used t o  generate  t h e  d a t a  i n  Table 2 is  still undergoing refinement, bu t  
i t  appears t h a t  it may be q u i t e  usefu l  f o r  charac te r iz ing  d i f fe rences  i n  l iquefac-  
t i o n  chemistry and t h e i r  dependence on reac t ion  condi t ions.  

I 
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TABLE 1. ELEMENTAL ANALYSES, MAF 

C H N 0 S 

BLACKSVILLE COAL 80.6 5.6 1.4 9.4 3.1 

I L L I N O I S  #6 COAL 73.7 5.6 1,s 14.8 4.5 

SULVSIJS 8 i , i  8.0 1 .4  5 - 0  0.4 

MOISTURE FREE ASH CONTENTS WERE BLACKSVILLE = 11.9;8, I L L I N O I S  #6 = 13.6%, 
SOLVENT < 0.1%. 

TABLE 2. 
HYDROGEN UTILIZATION VS. COAL REACTIVITY 

AND TEMPERATURE HYDROGENS INCORPORATED 
PER 100 CARBONS OF FEED SLURRY 

BLACKSVILLE #2 ILLINOIS #6 
FATE OF 32S0 4000 450° 300° 300° 325* 400' 450° 450' 

HYDROGEN oup. Dup. 

Gas Make 0 0 3  0 0 0 0 3 3  

Heteroatom 
Removal 0 1 1  1 0 1 2 3 3  

1 -2 -3 1 1  2 0 . 3 . 3  

0 + 2  -2 + 2  .1 0 

Hydrogenation 

Matrix Cleavage -2 0 0 

TOTAL -1  - 1  + 1  c2 + 3  + 1  + 4  +2 + 3  
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The Response o f  High Temperature C a t a l y t i c  
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Tet ra l in -Hydroyen React ion t o  Free Radical  A d d i t i o n  

I .  INTRODUCTION 

The l i t e r a t u r e  i s  ambiyuous regard ing  t h e  r e a c t i o n  produc ts  ob ta ined when 
t e t r a l i n  and hydrogen are  reac ted  above 425OC i n  t h e  presence o f  a c a t a l y s t .  Yen e t  
a l .  (1 )  r e p o r t e d  t h a t  t e t r a l i n  d i s p r o p o r t i o n a t i o n  occurs, a t  4 5 5 O C .  and naphthalene 
and o n l y  one o f  t h e  d e c a l i h  isomers are  formed. They a l s o  r e p o r t e d  t h e  presence o f  
an u n i d e n t i f i e d  product.  Hooper e t  a l .  (Z), w i t h  t h e  a i d  o f  recent  advances i n  
chromatographic ana lys is ,  suygested t h a t  t h e  compound i d e n t i f i e d  as a d e c a l i n  isomer 

occur.  However, they  d i d  n o t  analyze any a c t u a l  p roduc ts  f rom c a t a l y t i c  
hydro t rea tment  o f  t e t r a l i n .  

I n  t h i s  r e p o r t ,  yas chromatoyraphic analyses o f  t h e  produc ts  f rom c a t a l y t i c  
I dehydroyenat ion o f  t e t r a l i n  a t  45U°C are  presented. These analyses served as t h e  

, c o u l d  be methyl indan and at tempted t o  show t h a t  t e t r a l i n  d i s p r o p o r t i o n a t i o n  d i d  n o t  

b a s e l i n e  f o r  comparison o f  r e a c t i o n s  i n  which d ibenzy l  was added t o  p r o v i d e  a source 
o f  f r e e  r a d i c a l s  s i m i l a r  t o  those produced d u r i n y  t h e  i n i t i a l  s tayes  o f  c o a l  
1 i q u e f a c t i o n .  

11. EXPERIMENTAL 

The experiments were c a r r i e d  o u t  i n  a t u b i n y  bomb m i c r o r e a c t o r  cons t ruc ted  f rom 

The o t h e r  end was connected 
a s i x  i n c h  l e n y t h  o f  316 seamless s t a i n l e s s  s t e e l ,  1/2- inch 0.U. tub iny .  One end o f  
t h e  m i c r o r e a c t o r  was sealed w i t h  a l / Z - i n c h  Gyrolok cap. 
t o  a 3 and l / $ - i n c h  l e n y t h  o f  31b seamless s t a i n l e s s  s tee l ,  1/4- inch U.U., t u b i n y  
w i t h  a Gyrolok reducing union. 
o t h e r  end o f  the  1 /4 - inch  O.U. tub ing .  

f l u i d i z e d  sand ba th  which was equipped w i t h  a temperature c o n t r o l l e r  and a 
thermocouple f o r  m o n i t o r i n y  t h e  temperature.  
v e r t i c a l  p lane w i t h  a 1 and l / Z - i n c h  s t roke .  
shown ( 3 )  t o  reduce mass t r a n s f e r  e f f e c t s  i n  t h e  mic roreac tor .  Two s t e e l  b a l l  
a g i t a t o r s  o f  l / t l - i n c h  diameter were a l s o  added t o  t h e  m i c r o r e a c t o r  t o  ensure good 
end-to-end mix ing  d u r i n y  r e a c t i o n .  

( 2 0 - 2 ! ~ ~ C )  t o  s top t h e  reac t ion .  
c o l l e c t e d  i n  a v i a l .  

A Nupro f i n e  meter iny  v a l v e  was connected t o  t h e  

The r e a c t i o n  temperature was main ta ined by immersiny t h e  m i c r o r e a c t o r  i n  a 

The m i c r o r e a c t o r  was a g i t a t e d  i n  a 
An a g i t a t i o n  r a t e  o f  860 rpm has been 

I 
A t  t h e  end o f  t h e  d e s i r e d  r e a c t i o n  t ime, t h e  m i c r o r e a c t o r  was quenched i n  water  

The m i c r o r e a c t o r  was then vented and i t s  con ten ts  

The r e a c t i o n  produc ts  were analyzed u s i n y  a Var ian 3700 yas chromatoyraph 
equipped w i t h  a CDS-111 i n t e g r a t o r .  
0.314 
a s s i s t  i n  t h e  i d e n t i f i c a t i o n  o f  t h e  r e a c t i o n  products,  some o f  t h e  samples were 
ana lyzed w i t h  a yas chromatography-mass spectroscopy (GCMS) u n i t .  A capi  11 a r y  column 

Separat ion was accomplished w i t h  a 6O-meter, 
I.D., fused s i l i c a  c a p i l l a r y  column w i t h  a UB-5 bonded phase (0.25 m). To 
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was used f o r  separa t i on  o f  t h e  products .  
experiments were then i d e n t i f i e d  by comparison o f  t h e  chromatoyrams w i t h  t h e  
chromatograms of t he  samples analyzed w i t h  LiCMS. 

The composi t ion o f  t he  o the r  r e a c t i o n  

111. RESULTS AND UISCUSSIUN 

Three r e a c t i o n  parameters were chosen f o r  man ipu la t i on  t o  i n v e s t i g a t e  t h e  
t e t r a l i n - h y d r o y e n  r e a c t i o n  a t  a r e l a t i v e l y  h i g h  temperature (45OOC). These 
parameters were: 

(1 )  a d d i t i o n  o f  d ibenzy l  as a f r e e  r a d i c a l  p recu rso r  
( 2 )  c a t a l y s t  a d d i t i o n  
(3 )  a d d i t i o n  o f  gaseous hydrogen 

Dibenzyl was se lec ted  as t h e  f r e e  r a d i c a l  preciirqnr, Dihenzyl cle.ves z t  ccs! 
l i q u e f a c t i o n  c o n d i t i o n s ,  producing benzyl f r e e  rad i ca l s .  The pr imary r e a c t i o n  o f  
d ibenzy l  i s  assumed t o  be thermal  c rack ing  fo l l owed  by s t a b i l i z a t i o n  o f  the benzyl 
f r e e  rad i ca l s .  Cronauer e t  a l .  (4)  observed no i nc rease  i n  t h e  r a t e  o f  d ibenzy l  
convers ion w i t h  the a d d i t i o n  o f  c a t a l y s t s .  

Table 1 presents  the  response o f  t he  product  d i s t r i b u t i o n  t o  t h e  a d d i t i o n  o f  
d ibenzy l ,  and hence, t h e  presence o f  f r e e  r a d i c a l s .  The p r i n c i p a l  products  o f  the 
dibenzyl-tetralin-hydroyen r e a c t i o n  were benzene, to luene,  methyl indan, and 
naphthalene. Very sma l l  amounts o f  e t h y l  benzene, b u t y l  benzene, and t rans -deca l i n  
were found i n  some experiments. Traces o f  c i s - d e c a l i n  and s t i l b e n e  were a l s o  
detected. 

With t h e  a d d i t i o n  o f  d ibenzy l ,  t h e  w s t  s i g n i f i c a n t  r e s u l t  was an increase i n  
t h e  format ion o f  methy l  indan, t h e  isomer of t e t r a l i n .  Approx imate ly  twenty percent 
o f  t h e  t e t r a l i n  was i somer i zed  w i t h  t h e  a d d i t i o n  o f  d ibenzy l ,  bo th  w i t h  and wi thout  
c a t a l y s t .  Cronauer e t  a l .  (5)  and McNeil e t  a l .  ( 6 )  have a l s o  repo r ted  an increase 
i n  t h e  i s o m e r i z a t i o n  o f  t e t r a l i n  w i t h  the  a d d i t i o n  o f  d ibenzy l .  

observed (i.e., 5.7 wt% and 7.9 wt% methyl indan was formed w i t h  and w i thou t  c a t a l y s t  
present, r e s p e c t i v e l y ) .  
as low as 350°C i n  a n i t r o g e n  atmosphere (2 ) .  Penninger and Slotboom (7,8) heated 
t e t r a l i n  w i t h  hydrogen i n  t h e  absence o f  c a t a l y s t  a t  pressures o f  10 t o  100 atm and 
temperatures of  460 t o  56UOC. Methyl indan was repo r ted  among t h e  p r i n c i p a l  
products. 
t h e  hydrogen atoms ( i  .e. f r e e  r a d i c a l s )  t o  i n i t i a t e  t h e  i s o m e r i z a t i o n  react ion.  

Even when t h e r e  was no d ibenzy l  present, some i s o m e r i z a t i o n  o f  t e t r a l i n  was 

I s o m e r i z a t i o n  o f  t e t r a l i n  has been repo r ted  a t  temperatures 

They proposed t h a t  t h e  dehydrogenation o f  t e t r a l i n  t o  naphthalene provided 

The fo rma t ion  o f  benzyl f r e e  r a d i c a l s  f rom d ibenzy l  i s  a thermal  process. 

verted; i n s t e a d  i t  was f e l t  t h a t  i t s  a d d i t i o n  would a l t e r  t h e  product  d i s t r i b u t i o n ,  
i .e., main ly  t h e  r e l a t i v e  amounts o f  t e t r a l i n  i s o m e r i z a t i o n  and dehydrogenation 
products .  
s l i g h t l y  w i t h  t h e  a d d i t i o n  o f  p r e s u l f i d e d  CoMo/Al203 c a t a l y s t .  
t e t r a l i n  dehydrogenat ion t o  f rom naphthalene increased s i g n i f i c a n t l y  w i t h  t h e  addi- 
t i o n  o f  c a t a l y s t .  T h i s  i nc rease  was even more pronounced when nn dihenzy! was added; 
t h e  amount o f  naphthalene fo rma t ion  increased from 1.3 wt% t o  13.0 w t %  w i t h  t h e  addi- 
t i o n  of c a t a l y s t .  When d ibenzy l  was present ,  t he  amount o f  naphthalene format ion 
increased o n l y  from 6.6 w t %  t o  9.8 wt% w i t h  t h e  a d d i t i o n  o f  c a t a l y s t .  

was observed, and t h a t  was when c a t a l y s t  was present .  
c i s - d e c a l i n  was observed i n  any o f  t h e  products  analyzed. 

Thus, t he  use o f  c a t a l y s t s  was n o t  in tended t o  change t h e  amount o f  d ibenzy l  con- ', 
The r a t e  of f o rma t ion  o f  t h e  t e t r a l i n  isomer, methyl indan, changed 

However, t h e  r a t e  of 
L 

\ 

For the  product  analyses y iven i n  Table 1, on ly  a small  amount o f  t rans-decal in  
No s i g n i f i c a n t  amount o f  

For t h e  r e a c t i o n  
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COnditiOnS used here  then (4SUoC, etc.),  c a t a l y s t  a d d i t i o n  caused an i n c r e a s e  i n  t h e  
r a t e  o f  dehydrogenat ion o f  the  t e t r a l i n  r a t h e r  than an inc rease i n  t h a t  o f  
hydroyenat ion.  

hydroyen. Vernon (9)  has shown t h a t  mo lecu la r  hydrogen can r e a c t  d i r e c t l y  w i t h  t h e  
benzyl  f r e e  r a d i c a l  t o  y i e l d  to luene. Shah and Cronauer (10) .  however, have 
demonstrated t h a t  t h e  benzyl  f r e e  r a d i c a l s  have a d i s t i n c t  p re fe rence f o r  combined 
hydrogen over mo lecu la r  hydroyen under r e a c t i o n  c o n d i t i o n s  s i m i l a r  t o  t h o s e  used i n  
t h i s  work. They r e p o r t e d  t h a t  t h i s  p re fe rence i s  enhanced i f  t h e  concent ra t ion  o f  
t!ydroaromatics i s  hiyh.  The molecu la r  hydrogen was b e l i e v e d  t o  p r o v i d e  hydrogen f o r  

I n  t h i s  work, t e t r a l i n  serves 
as t h e  hydrogen donor, and a pr imary  o b j e c t i v e  o f  t h e  study was t o  e v a l u a t e  t h e  
response o f  the  rehydroyenat ion  r a t e  o f  t h e  t e t r a l i n  versus t h a t  o f  i s o m e r i z a t i o n  t o  
t h e  a d d i t i o n  o f  yaseous hydroyen. 

a hydroyen atmosphere (800 p s i y  
a t  room temperature) and an i n e r t  n i t r o y e n  atmosphere (3UU p s i y  a t  room tempera ture) .  
The produc t  d i s t r i b u t i o n s  f o r  each case a r e  presented i n  Table 2. The convers ion  o f  
d ibenzy l  was approx imate ly  t h e  same i n  each case. 
t e t r a l i n  t o  form methyl indan was lower i n  t h e  n i t r o y e n  atmosphere. 
sugyests t h a t  mo lecu la r  hydroyen can p a r t i c i p a t e  i n  t h e  r e a c t i o n  mechanism f o r  
t e t r a l i n  i somer iza t ion .  However, t h i s  p a r t i c i p a t i o n  may be i n d i r e c t .  
atmosphere t h e  dehydrogenat ion r a t e  f o r  t e t r a l i n  should be lower than t h a t  i n  a 
n i t r o y e n  atmosphere. As a r e s u l t ,  more t e t r a l i n  should be a v a i l a b l e  f o r  
i s o m e r i z a t i o n .  
r e a c t  w i t h  t h e  molecu la r  hydroyen t o  produce hydroyen atoms, then these atoms c o u l d  
p a r t i c i p a t e  d i r e c t l y  i n  t h e  t e t r a l i n  i s o m e r i z a t i o n  r e a c t i o n s  (8,Y). 

an i n e r t  n i t r o g e n  r e a c t i o n  atmosphere (Tab le  2) .  The oppos i te  was t r u e  w i t h  a 
hydroyen atmosphere. 

The r e a c t i o n  o f  t e t r a l i n  i n  t h e  presence o f  bo th  d ibenzy l  and hydrogen was used 
as a b a s e l i n e  system f o r  comparison. 
dehydrogenat ion t h a t  occurred, when no hydroyen was i n i t i a l l y  present,  r e l a t i v e  t o  
t h a t  ob ta ined w i th  t h i s  b a s e l i n e  system was determined. The increase observed when 
no d ibenzy l  was present was a l s o  determined. These responses are  compared i n  Tab le  
3. Apparent ly t h e  inc rease i n  t h e  r a t e  o f  t e t r a l i n  dehydroyenation, i n  response t o  
t h e  absence o f  hydroyen, was much h igher  than it was i n  response t o  t h e  absence o f  
d i  benzyl  . 

When no hydroyen was present  t h e r e  was about an 8.4 wt.X decrease f rom t h e  
b a s e l i n e  value (19.9 wt .%)  i n  t h e  amount o f  t e t r a l i n  t h a t  i somer ized t o  fo r i 1  methyl  
indan (Table 4). S i m i l a r l y ,  when no d ibenzy l  was present ,  t h e  amount o f  t e t r a l i n  
conver ted  t o  methyl  indan decreased by about 12.0 wt .% below t h e  b a s e l i n e  value. 

a h i g h e r  hydrogen donor r e a c t i v i t y  than t h a t  o f  t e t r a l i n  (12). 
t h e  r e l a t i v e  r e a c t i v i t y  o f  t h e  t e t r a l i n  f o r  donat iny  hydroyen t o  t h e  benzyl  r a d i c a l s  
was made by de termin ing  t h e  decrease i n  t h e  e x t e n t  o f  t e t r a l i n  dehydroyenat ion t h a t  
occur red  i n  response t o  t h e  a d d i t i o n  o f  e i t h e r  q u i n o l i n e  o r  phenanthr id ine .  
i )u ino l ine  and phenanthr id ine  a r e  bas ic  n i t r o y e n - c o n t a i n i n g  aromat ic  compounds s i m i l a r  
t o  those found i n  c o a l - d e r i v e d  l i q u i d s .  These compounds have a r e l a t i v e l y  h i y h  
a d s o r p t i v i t y .  As a r e s u l t ,  these compounds adsorb p r e f e r e n t i a l l y  on to  t h e  c a t a l y s t  
sur face  and are hydroyenated i n  p re fe rence t o  compounds l i k e  naphthalene ( i  .e., t h e  
dehydrogenated t e t r a l i n  p r o d u c t )  which have a lower r e l a t i v e  a d s o r p t i v i t y  (13). 
hydroyenated produc ts  o f  these compounds (ey. THQ) a r e  e x c e l l e n t  hydrogen donors. 

The t h i r d  r e a c t i o n  parameter which was s t u d i e d  was t h e  a d d i t i o n  o f  yaseous 

1 

rehydroyenat ion" o f  dep le ted  hydrogen donor so lvent .  ! 

Two extremes o f  r e a c t o r  atmosphere were used: 

The r a t e  o f  i s o m e r i z a t i o n  o f  
T h i s  r e s u l t  

I n  a hydroyen 

A more d i r e c t  r o l e  o f  t h e  hydrogen cou ld  be t h a t  t h e  benzyl  r a d i c a l s  

! 

The r a t e  o f  t e t r a l i n  dehydrogenat ion was h i g h e r  than t h a t  o f  i s o m e r i z a t i o n  w i t h  

The increase i n  t h e  amount o f  t e t r a l i n  

A number o f  compounds such as t e t r a h y d r o q u i n o l i n e  (THU) have been shown t o  have 
A crude measure o f  

The 
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McNeil e t  a l .  (6)  measured the  response o f  t e t r a l i n  dehydroyenation and 
i somer i za t i on  i n  the  presence o f  d ibenzy l  t o  t h e  a d d i t i o n  o f  d i f f e r e n t  po l ynuc lea r  
aromat ic  compounds (e.g. phenanthrene, pyrene). 
response t o  occur  i n  t h e  t e t r a l i n  isomer izat ion.  
t h e  t e t r a l i n  dehydrogenat ion occurred i n  response t o  t h e  a d d i t i o n  o f  c e r t a i n  
aromat ics.  
observed t o  vary d i r e c t l y  w i t h  t h e  number o f  condensed r i n g s  i n  t h e  aromat ic  compound 
added. 

They observed an i n s i g n i f i c a n t  
However, a s i g n i f i c a n t  decrease i n  

I n  an e a r l i e r  work ( l l ) ,  t h i s  decrease i n  t e t r a l i n  dehydroyenation was 

The response o f  t e t r a l i n  i s o m e r i z a t i o n  t o  t h e  a d d i t i o n  o f  e i t h e r  qUinOl ine o r  
phenan th r id ine  i s  shown i n  F igu re  1. 
a s i g n i f i c a n t  i n f l u e n c e  on the  ex ten t  o f  t e t r a l i n  i s o m e r i z a t i o n  t h a t  occurred.  
However, as shown i n  F i g u r e  2, t h e  a d d i t i o n  o f  e i t h e r  q u i n o l i n e  o r  phenan th r id ine  
caused only  a s l i g h t  decrease i n  the  amount o f  t e t r a l i n  dehydroyenation (14.2 wt.% 
versus 6.6 and 1U.4 wt%).  The r e l a t i v e  i n s e n s i t i v i t y  o f  t he  t e t r a l i n  dehydrogenation 
t o  t h e  a d d i t i o n  o f  these bas i c  n i t r o y e n - c o n t a i n i n g  compounds i s  somewhat s u r p r i s i n g .  
E a r l i e r  i t  was shown t h a t  t he  presence o f  a c a t a l y s t  caused a s i g n i f i c a n t  i nc rease  i n  
t e t r a l i n  dehydroyenat ion (Table 1 ) .  
phenan th r id ine  on the c a t a l y s t  should i n h i b i t  dehydrogenation. It appears, however, 
t h a t  these compounds a c t  more t o  quench t h e  benzyl r a d i c a l s  and thereby i n h i b i t  
t e t r a l i n  i s o m e r i z a t i o n  w i t h o u t  s i y n i f i c a n t l y  i n h i b i t i n y  dehydrogenation o f  t h e  
t e t r a 1  i n .  

The presence o f  q u i n o l i n e  o r  phenan th r id ine  had 

P r e f e r e n t i a l  adso rp t i on  o f  t h e  q u i n o l i n e  o r  

I V .  SUMMARY OF RESULTS 

The p r i n c i p a l  p roduc ts  o f  t h e  h i g h  temperature, c a t a l y t i c  r e a c t i o n  o f  t e t r a l i n  
i n  t h e  presence of d ibenzy l  and yaseous hydrogen were found t o  be naphthalene and 
methyl indan. A small  amount o f  t rans -deca l i n  was observed t o  be formed. The 
i somer i za t i on  o f  t e t r a l i n  increased w i t h  t h e  a d d i t i o n  o f  d ibenzy l ,  a f r e e  r a d i c a l  
precursor .  The a d d i t i o n  o f  a p r e s u l f i d e d  CoMo/A1203 c a t a l y s t  had a smal l  e f f e c t  on 
t e t r a l i n  i s o m e r i z a t i o n  and dehydrogenation i n  t h e  presence o f  d ibenzy l .  However, i n  
t h e  absence o f  d ibenzy l ,  c a t a l y s t  a d d i t i o n  had a s i g n i f i c a n t  e f f e c t  on t e t r a l i n  
dehydrogenation. 

T e t r a l i n  dehydroyenat ion increased s i g n i f i c a n t l y  when an i n e r t  n i t r o y e n  
atmosphere r a t h e r  than a hydroyen atmosphere was used. 

T e t r a l i n  i s o m e r i z a t i o n  decreased s i y n i f i c a n t l y  w i t h  t h e  a d d i t i o n  of  e i t h e r  
q u i n o l i n e  o r  phenan th r id ine ;  whereas t e t r a l i n  dehydroyenation decreased o n l y  s l i y h t l y  
w i t h  the  a d d i t i o n  o f  e i t h e r  o f  these compounds. 
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Table 1 

Response i n  Product  D i s t r i b u t i o n  t o  A d d i t i o n  o f  Uibenzy l ,  
w i t h  and w i thou t  C a t a l y s t  Present 

Product D i s t r i b u t i o n .  w t %  

I n i t i a l  C a t a l y s t  T e t r a l  i n  Naphthalene Methyl Benzene Toluene D i  benzyl 
D i  benzyl (ppm) Indan 

(WtX) 

-- -- -- 0 0 92.9 1.3 5.7 

0 1000 71.2 13.0 7.9 
20 0 56.9 6.6 16.4 0.6 11.4 8.0 

20 1000 54.3 9.8 15.9 0.6 10.4 8.8 
-- -- -- 

React ion M ix tu re :  5.0g d i  benzyl and t e t r a l i n  
Ca ta l ys t  Loadiny: 1000 y o f  t o t a l  metal i n  p r e s u l f i d e d  CoMo/A1203 per  106 y 

o f  t e t r a l i n .  

I n i t i a l  H2 Pressure = 800 p s i y  a t  25°C 
T i  me = 60 minutes 
A g i t a t i o n  Kate = 860 rpm 
Reactor  = Tubiny bomb M ic ro reac to r  

Reaction Cond i t i ons :  Temperature = 450OC 

-_--____--------- 
Table 2 

Comparison Between Product D i s t r i  b u t i o n  i n  a Hydroyen Atmosphere 
w i t h  That i n  a N i t royen  Atmosphere 

--*_)----_-=. 1-- --s-r-le--__Y__Y- -__rr__---- 

Product D i s t r i b u t i o n ,  Weight % 

Atmosphere T e t r a l  i n  Naphthalene Methyl Indan Benzene Toluene D i  benzyl 

H2 s4.3 9.8 15.9 0.6 10.4 8.8 
N2 47 .o 23.6 9.2 0.3 9.8 9.8 

Reac t ion  M ix tu re :  5.0 y 20 w t %  d ibenzy l  i n  t e t r a l i n  
1000 g metal i n  p r e s u l f i d e d  CoMo/A1203 c t a l y s t  per  106 
o f  t e t r a l i n  

React ion Cond i t i ons :  Temperature = 450°C 
I n i t i a l  Pressure = 800 p s i q  H2, o r  300 p s i s  N z ,  a t  25OC 
Time = 60 minutes 
A y i t a t i o n  Rate = 860 rpm 
Reactor  = Tubing Bomb M ic ro reac to r  
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Tab le  3 

Comparison Between the  Change i n  t h e  Weiyht Percent 
o f  the  T e t r a l i n  Dehydroyenated w i t h  No Uibenzyl  

Present and That w i t h  No Hydroyen Gas Present 
---------I r -XI r*- =--- -----*-_a__. 

Chanye from Base l ine  Cond i t ions*  Increase i n  Amount o f  T e t r a l i n  
Dehydroyenated ( A W t  .%) 

No Dibenzyl  Present 
No Hydroyen Present 

0.7 
17.5 

*Basel ine React ion Cond i t ions :  
React ion M i x t u r e :  5.09 o f  20 wt.% d ibenzy l  i n  t e t r a l i n  
C a t a l y s t  Loading: lU0U 9 o f  t o t a l  metal i n  p r e s u l f i d e d  CoMo/AlpOj p e r  

106 y o f  t e t r a l i n  

I n i t i a l  H2 Pressure = 800 p s i y  a t  25°C 
Time = bU minutes 
A g i t a t i o n  Hate = 860 rpm 
Reactor  = Tubing Bomb M i c r o r e a c t o r  

React ion Cond i t ions :  Temperature = 45UOC 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Tab le  4 

Comparison Between the  Chanye i n  t h e  Weiyht Percent 
o f  t h e  T e t r a l i n  Isomerized w i t h  No Dibenzyl  

Present and That w i t h  No Hydroyen tias Present 
-- -.--**=--=-* n---_m=---P_ -- ----------- 
Chanye from Base l ine  Cond i t ions*  Decrease i n  Amount o f  T e t r a l i n  

Isomerized (AWt.%) 

No Dibenzyl  Present 
No Hydroyen Present 

12.0 
8.4 

*Basel ine React ion Cond i t ions :  
React ion M i x t u r e :  5.0~ o f  2U wt.% d ibenzy l  i n  t e t r a l i n  
C a t a l y s t  Loadiny: lUUU y o f  t o t a l  metal  i n  p r e s u l f i d e d  CoMo/AlzUj p e r  

106 y o f  t e t r a l i n  

I n i t i a l  HZ Pressure = 800 p i g  a t  25OC 
Time = bU minutes 
A g i t a t i o n  Rate = 860 rpm 
Reactor = Tubiny nomb M i c r o r e a c t o r  

React ion Cond i t ions :  Temperature = 450OC 
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3 
and 

M l x t u r e  o f  Hydrogen  Donor  and H y d r o g e n  Donor  P r e c u r s o r  

R e a c t i o n  M i x t u r e :  2.0 g 5 0  *ut% d i b e n r y l  I n  t e t r a l i n  o r  1 1 1  w t .  
r a t i o  o f  t e t r a l l n  t o  q u i n o l i n e  o r  p h e n a n t h r l d l n e  
1000 g o f  Mo p e r  I O6 g o f  t e t r a l l n  and 

q u i n a l l n e  o r  p h e n a n t h r l d l n e  m i x t u r e  

Reaction Conditions: T a m p e r a t u r e  = 45O'Cr 
I n i t i a l  H, P r e s s u r e  = 800 p s l g  a t  2 5 O C  
T l m e  = 6 0  m i n u t e s  
A g i t a t i o n  R a t e  = 8 6 0  r p m  
R e a c t o r  = T u b i n g  Bomb M l c r o -  

r e a c t o r  

F i g u r e  I. Response  of T e t r a l l n  l s o m e r l z a t l o n  t o  t h e  a d d i t i o n  o f  e i t h e r  
Quinoline o r  P h e n a n t h r i d l n e  
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I O  

5 

C 
P u r e  Q u i n o l i n e  and P h e n o n t h r i d i n e  a n d  
T e t r a l i n  T e t r a l l n  T e t r o l l n  

M i x t u r e  of H y d r o g e n  Donor  and H y d r o g e n  Donor  P r e c u r s o r  

R e a c t i o n  M i x t u r e :  2.0 g 50  w t %  d i b e n z y l  i n  t e t r o l i n  o r  I :  I w t .  
r a t i o  o f  t e t r a l i n  t o  q u i n o l i n e  o r  p h e n o n t h r i d i n e  
I O 0 0  g Ma p e r  I O6 g o f  t e t r a l i n  and q u i n o l i n e  

o r  o h e n o n t h r i d i n k  m i x t u r e  

Reaction Conditions; T e m p e r a t u r e  = 4 5 O O C  
I n i t i a l  H, P r e s s u r e  = 8 0 0  p s i g  a t  2 5 ° C  
Time = 6 0  m l n u t e s  
A g i t a t i o n  R a t e  = 8 6 0  r p m  
R e a c t o r  = T u b i n g  B o m b  M l c r o -  

r e a c t o r  

F i g u r e  2. Response o f  T e t r a l i n  D e h y d r o g e n a t i o n  t o  t h e  a d d i t i o n  o f  e i t h e r  
Q u i n o l i n e  o r  P h e n a n t h r i d i n e  
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